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Abstract 
Eco-driving, an ecological way of driving, has been found to have great 
potential for reducing fuel consumption and greenhouse emissions. However, in 
urban areas, the eco-driving style called “gentle acceleration” is under debate, 
particularly during queue discharge procedures. Prevailing eco-driving studies have 
not clearly verified whether the slowness of “gentle acceleration” would compromise 
traffic flow or even deteriorate the fuel economy of a traffic system from the global 
perspective. This study, therefore, is motivated. 
A literature survey provided the initial insight into eco-driving strategy and 
eco-driving evaluation studies. A review of queue discharge behaviours and fuel 
consumption models followed. From this analysis of the literature, this research 
proposed an eco-driving evaluation framework which takes full advantage of field 
experiment data and which makes efficient use of computer traffic simulation to 
discover the effectiveness of eco-driving during queue discharge. 
To obtain real driving behaviours, the study has included a field eco-driving 
experiment involving a traffic platoon of 15 vehicles. Driving behaviour features, 
queue discharge characteristics and fuel economy have been explored and discussed. 
The results from the experiment do not give conclusive results regarding the 
effectiveness of eco-driving during queue discharge.   
To obtain comprehensive understanding of the effectiveness of eco-driving 
during queue discharge, a simulation test-bed was developed. A new behavioural 
queue discharge model developed to give driving behaviours simulations uses a 
fuzzy logic algorithm to mimic the driving response with eco-driving behaviours. 
The queue discharge model was integrated with a four-stage fuel consumption model 
for the purpose of assessing fuel economy.  
Four groups of eco-driving scenarios have been designed for testing, including 
the positions of eco-drivers, the penetration rates of eco-drivers, the different level of 
traffic demand (degree of saturation), and the traffic signal offsets of road corridor.  
The test results reveal the trade-off between mobility and sustainability in 
various situations. This trade-off provides useful information for effective eco-
driving implementation. Recommendations regarding the future study of eco-driving 
strategies are also provided. 
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Chapter 1: Introduction 
1.1 BACKGROUND 
With the ongoing increases in fuel cost and carbon footprints, road transport 
sectors continue to seek appropriate strategies for sustainable development. Eco-
driving is one of the available approaches that aim to improve fuel economy and 
reduce CO2 emissions.  
Eco-driving is different from other strategies such as promoting green energy 
for automobiles and optimising engine efficiency in that it is an efficient way of 
driving that is independent from vehicular technology. It main focus is on improving 
driving behaviours for environment-friendliness. These improved driving behaviours 
could be easily adopted by drivers regardless of vehicle classes, vehicle ages or fuel 
types. 
“Gentle acceleration” is one of the eco-driving behaviours. Studies reveal that 
gentle action on the acceleration pedal can significantly reduce fuel consumption and 
pollutant emission from automobiles. An Australian study reveals that a slow start 
with an average car (i.e., accelerates to 20km/h after 5s) is able to save up to 11% of 
fuel consumption, compared with normal acceleration behaviours, leading to a large 
reduction of emissions (Australian Automobile Association, 2008).  
In particular, gentle acceleration offers great potential for relieving emission 
and fuel consumption problems at intersections. Frey et al. (2003) used a vehicle 
with a portable tailpipe emission instrument to assess fuel consumption and emission 
when driving in an urban area. They revealed that 35% to 40% of total fuel use and 
emissions occurred from acceleration near intersections even though the acceleration 
distance and time were 20% less than the average time and distance during cruising.  
Investigation based on emission models also reveals that acceleration 
operations have a significant effect on emissions and that strong acceleration tends to 
generate high instantaneous emission rates and to produce high levels of pollution at 
intersections (Carlock, 1992; Rakha et al., 2000). 
However, gentle acceleration will potentially cause some problems at urban 
signalised intersections because it tends to reduce the average speeds of queue 
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discharge. For an individual driver, travelling at a lower speed will increase the travel 
time on the road. A slowly moving vehicle would impede the following vehicles and 
thus potentially compromise the traffic throughput of the road, causing capacity 
reduction.  
Mori et al. (2010) found in there eco-driving study that a speed control strategy 
which reduces the average speeds of urban traffic would induce excessive congestion 
and deteriorate the emission problem during peak hours. Therefore, before 
implementing and promoting any eco-driving strategy that potentially reduces 
travelling speed and intersection capacity, it is necessary to have a comprehensive 
analysis of its potential impacts on the entire traffic system.  
Unfortunately, prevailing eco-driving studies concentrate on evaluating the 
effectiveness of eco-driving from an individual driver’s perspective. Traditional eco-
driving evaluation studies collect the fuel consumption performance and driving 
behaviour information before and after adopting eco-driving practices and explore 
the corresponding impacts by comparing the differences in driving performances. In 
this situation, the analysis focuses on the performance of the eco-users. This type of 
eco-driving assessment study does not cover the eco-driving impacts on other drivers 
(i.e., non-eco drivers) in traffic flow. 
This study aims to promote efficient implementation of eco-driving, not only 
for the individual user but also the traffic system as a whole, by providing a 
comprehensive investigation of the effectiveness of eco-driving during queue 
discharge at urban signalised intersections.  
1.2 RESEARCH QUESTION 
At urban intersections, vehicles experience stop-and-go due to the traffic lights. 
These stop-and-go movements consume excessive fuel and discharge huge amount 
of emissions near intersections.  
Although from the individual vehicle perspective eco-driving with gentle 
acceleration has great potential to alleviate this problem, the literature shows a lack 
of comprehensive justification of how this type of eco-driving could affect the 
performance of the entire traffic platoon. This study, therefore, aims to answer the 
following research questions to fill the knowledge gap: 
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 What is the appropriate method to study and evaluate eco-driving strategies 
from a traffic flow point of view? 
 How would eco-driving perform with respect to a traffic platoon during 
queue discharge? 
 Would eco-driving compromise traffic throughput at intersections due to its 
slow movement? 
 If eco-driving is found to affect traffic throughput, how much would the 
payoff be between traffic mobility and environmental benefit? 
 How can eco-driving be applied efficiently during queue discharge? 
 Is there any need or potential to implement a traffic management strategy 
(e.g., traffic signal adjustment) to reduce the negative impacts of eco-driving 
(e.g., throughput reduction impact) and to pursue the global benefit for traffic 
systems? 
1.3 RESEARCH OBJECTIVES 
The study pursues the following four objectives to explore these questions: 
 Provide understanding of the eco-driving strategies and the advantages and 
disadvantages of prevailing eco-driving evaluation methods; 
 Develop a proper evaluation method which is suitable and reliable for eco-
driving evaluation; 
 Explore the effectiveness of eco-driving during queue discharge at signalised 
intersections from traffic flow perspective; and 
 Provide recommendations for efficient eco-driving promotion and 
implementation during queue discharge. 
1.4 SCOPE OF THE STUDY 
This study focuses on the impacts of eco-driving on queue discharge 
characteristics and on corresponding traffic performance at signalised intersection. 
The following terms and corresponding explanations used throughout this thesis 
provide the scope of the research focus. 
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Eco-driving  
Eco-driving, also known as “ecodriving” or “ecodrive”, means an 
environment-friendly driving behaviour. A typical eco-driving behaviour features 
gentle acceleration and smooth speed changes. 
For eco-driving analysis in this thesis, the eco-driving behaviour at urban 
signalised intersections is defined as gentle acceleration for starting up unless 
specified otherwise. In addition, all vehicles discussed in this study refer to passenger 
small-class vehicles.  
Normal driving 
The term “normal driving” used in this study refers to average driving 
behaviours such as normal accelerations and brakes at intersections. In this study, a 
“normal driver” is defined as a driver who has no knowledge or experience about the 
eco-driving (or relevant) strategies. 
Signalised intersections 
At urban signalised intersections, traffic lights sequentially assign right-of-way 
to vehicles coming from all directions to avoid conflicting movements. Vehicles that 
are completely halted need to start-up and accelerate to leave the intersection when 
the green traffic light is on. This study aims in particular at exploring the 
effectiveness of eco-driving in traffic queues discharge at signalised intersections for 
the following reasons:     
 At signalised intersections, excessive fuel consumption and emissions 
lead to a high concentration of air pollutant, which is harmful to people’s 
health.  Therefore, it is important to pursue environment-friendliness 
while managing the traffic at intersections; 
 Generally, the traffic condition near urban signalised intersections is 
complicated and vulnerable to congestion. Adopting eco-driving 
behaviours at intersections, which tends to reduce the queue discharge 
speeds, would further increase the complexity of traffic conditions and the 
possibility of congestion; 
 On the other hand, utilisation of traffic lights allows adjustment of the 
signal timing plan to cope with the changed traffic conditions after the 
adoption of eco-driving. This provides the potential to integrate an eco-
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driving strategy with traffic signal control for green and efficient traffic 
mobility.   
The term “signalised intersection” used in this study represents these common 
urban intersections with traffic lights that employ a fixed traffic timing plan. A single 
intersection where the signal timing plan is designed on the traffic demand at the 
intersection only is defined as isolated intersection. A series of consecutive 
intersections whose signal timing plan is configured for the traffic flow to pass 
through the corridor is defined as coordinated intersections. 
Queue discharge procedure 
Queue discharge procedure represents the movement of the queuing vehicles at 
signalised intersections. A queue discharge procedure starts from the time when the 
green traffic light is on, and covers the time period until vehicles depart from the 
intersection and reach their desired speeds.  
Fuel consumption 
The study focuses on the fuel consumption of gasoline/petrol as the major 
measurement of environment performance because petrol-based vehicles are popular 
among passenger vehicles. In the content of this thesis, the terms “fuel consumption” 
and “fuel economy” refer to the usage of petrol fuels and the efficiency of fuel usage, 
respectively. The unit for fuels in this study is given in litres or millilitres. 
CO2 emission  
Regarding tail-pipe emissions from automobiles, CO2 emission is of particular 
concern in this study due to the significant contribution of CO2 on the greenhouse 
effect. The study considers CO2 emission as a direct product of fuel consumption.  
1.5 EXPECTED CONTRIBUTIONS 
This thesis provides a comprehensive eco-driving investigation. The major 
theoretical and innovative contributions to the state of the art in eco-driving study 
include: 
 Proposal for appropriate method to investigate eco-driving performance 
during queue discharge based on the review of current eco-driving 
strategies and eco-driving evaluation studies. The eco-driving 
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evaluation method is able to assess the global impacts of eco-driving 
with a moderate investigation cost; 
 Analysis of eco-driving performance based on a real eco-driving 
experiment. The experiment study revealed the potential impacts of 
eco-driving on fuel consumption and queue discharge procedures, 
providing preliminary results about eco-driving impacts on traffic flow. 
The driving behaviour characteristics are used for queue discharge 
model development. The fuel consumption patterns that are obtained in 
the experiment are used for fuel consumption estimation in the 
simulation models; 
 Development of a new microscopic queue discharge model that 
provides the vehicular trajectory of driving behaviours. This model 
enables the description of the heterogeneity of the start-up response and 
acceleration response with respect to different driving behaviours. The 
model demonstrated high credibility to reproduce microscopic queue 
discharge features.  
 Development of a simulation test-bed for comprehensive eco-driving 
evaluation. The test-bed is calibrated on the real traffic characteristics 
as per the field eco-driving experiment.  Expanded scenarios are tested 
with consideration of issues in the eco-driving implementation. 
 Summary of the comprehensive eco-driving study and provision of 
recommendations on efficient implementation of eco-driving at 
signalised intersections.  
1.6 OUTLINE OF THE THESIS 
The outline of the thesis is illustrated in Figure 1.1. The literature review in 
chapter reveals the state of the art in eco-driving strategy and eco-driving evaluation. 
Based on the understanding of the merits and demerits of different eco-driving 
evaluation methods, an integrated eco-driving evaluation method was developed. In 
addition, this chapter reviews the state of art in describing queue discharge 
procedures and estimating environment performance. Also, two comprehensive eco-
driving studies presented and discussed in this chapter motivate further development 
of the evaluation scheme. 
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Chapter 3 introduces the eco-driving field experiment conduced in Shirosato, 
Japan. The chapter provides the detailed settings of the experiment, including 
experimental design, preparation, and data collection. From the data analysis, the 
experiment reveals the fuel consumption performance of a traffic platoon of 15 
vehicles. In addition, the queue discharge behaviours are discussed. The lessons 
learned from the experiment are summarised for future study and the findings from 
the data analysis are concluded to provide preliminary understanding about the 
impacts of eco-driving during queue discharge procedures. 
Chapter 4 investigates the driving behaviour characteristics of the traffic 
platoon during queue discharge and the corresponding fuel consumption patterns. 
The microscopic queue discharge characteristics provide fundamentals to develop a 
new behavioural queue discharge model; while the fuel consumption patterns are 
used for estimating the environment performance of the traffic platoon. 
Chapter 5 outlines the development of the simulation test-bed. The simulation 
test-bed has two major components: a driving behaviour component and a fuel 
consumption estimation component. The development of these components is 
presented in this chapter, followed by the calibration and validation process upon the 
experiment data. 
Chapter 6 reports the simulation study by using the test-bed developed in 
chapter 5. A comprehensive investigation is conducted with respect to the traffic 
flow performance before and after adopting eco-driving. Various scenarios are 
designed and tested to answer the key research questions. 
Chapter 7 presents the findings of the study and summarises the contributions 
for each tasks. Discussion and recommendation for future eco-driving development 
and evaluation study are provided.   
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Chapter 2: Literature review 
Eco-driving, which is recognised as an effective strategy to relieve 
environmental pressure, has been widely promoted and adopted by automobile users 
since the 1980s. To illustrate how eco-driving helps improve driving efficiency, this 
chapter reviews the literature in eco-driving studies, including topics of eco-driving 
definition, existing evaluation studies and eco-driving campaigns. Traffic queue 
discharge procedures at signalised intersections are then studied, followed by the 
review of environment estimation methods in the literature. From the reviews, the 
study outlines an evaluation framework based on traffic simulations. The simulation 
test-bed utilises driving behaviour characteristics retrieved from the field experiment 
to mimic normal driving behaviours and eco-driving behaviours. These retrieved 
driving behaviour characteristics are suitable for assessing eco-driving performance 
on traffic flow.   
This chapter is organised in five sections. Section 2.1 introduces the basis of 
eco-driving strategy and eco-driving evaluation. Section 2.2 describes the state of the 
art in queue discharge behaviour modelling because appropriate queue discharge 
description is required for an eco-driving simulation study. In section 2.3, approaches 
for environment performance estimation are discussed to find a suitable fuel 
consumption or emission estimation method for an eco-driving simulation study. 
Section 2.4 discusses the advantages and disadvantages of the evaluation methods of 
two case studies in the literature which investigated eco-driving from a traffic flow 
perspective, based on traffic simulation. Section 2.5 summaries the newly proposed 
eco-driving evaluation framework for the research. 
2.1 ECO-DRIVING 
2.1.1 What is eco-driving? 
In the literature, eco-driving is usually denoted as a special manner of vehicle 
operations that have the fundamental objective of improving energy efficiency and 
environmental friendliness (Eco-driving.org, 2012). Unlike other strategies for 
environmental concerns, such as developing alternative fuels and high-efficiency 
engines, the eco-driving strategy focuses mainly on the driving behaviour side, which 
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makes it easily acceptable for drivers, regardless of vehicle classes, vehicle ages and 
fuel types. 
To date there is no uniform eco-driving definition in the literature. However, 
almost all of the eco-driving descriptions highlight the primary objective to be 
improving energy efficiency and environmental friendliness (Eco-driving.org, 2012; 
Beusen, 2009; SenterNovem, 2005). Typically, eco-driving covers but is not limited 
to the following actions: 
 For manual transmission, shift gear up as soon as possible (e.g., shift up 
before approximately 2500RPM for petrol cars); 
 Accelerate and decelerate smoothly; 
 Anticipate traffic flow (e.g., look ahead to anticipate surrounding traffic 
and situations); 
 Maintain a steady speed ; 
 Switch off engine at long stops, such as stopping at a railway crossing; 
 Avoid unnecessary weights; 
 Maintain vehicle in good condition (e.g. vehicle maintenance);  
 Check tyre pressures regularly; 
 Use a fuel-consuming/emission indicator; and 
 Use real-time driving assistant equipment (e.g. GPS, eco-indicator or 
advanced driving guidance system). 
Adopting these tactics is expected to improve users’ fuel consumption and 
pollutant emissions; it is also believed that these tactics are beneficial for safety and 
comforts improvement. The main benefits of eco-driving are introduced in the 
following section. 
2.1.2 Main benefits of eco-driving 
Environment and Energy 
Most of the eco-driving strategies contribute to the reduction of negative 
impacts on the environment and to improve fuel economy. Studies have revealed that 
eco-driving could effectively reduce greenhouse gas emission. Rafael et al. (2006) 
explored the variations of emissions found with different categories of driving styles, 
and indicated the potential benefits of eco-driving. Moreover, the First European 
Climate Change Program (European Commission, 2010) estimated that at least 50 
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million tons of CO2 emissions could be saved by adopting eco-driving in Europe in 
2010.  
Eco-driving shows benefits for fuel economy as well as for emissions. Utilising 
eco-driving has helped achieve about 5% to 10% fuel savings in many European 
countries (Greene, 1985; SenterNovem, 2005; CIECA, 2007). A study conducted by 
the Swedish National Road Administration (Johansson, 1999) reported that trained 
eco-drivers obtained an average 10.9% reduction in fuel consumption. The European 
Commission TREATISE project (SenterNovem 2005) published many similar and 
inspiring results: a long-term fuel reduction of 7% was averaged in a Dutch eco-
driving study in 2002; a Spanish case in 2003 revealed a 13.4% fuel reduction on 
average after training for eco-driving; a Germany study in 2003 found a fuel saving 
of 5.8% (SenterNovem, 2005).  
Safety 
Eco-driving also has great potentials for reducing accident rates, as it tends to 
slow down driving speeds, smooth acceleration and deceleration, and encourage 
good anticipation of traffic conditions. Some European studies revealed that drivers 
and enterprises adopting eco-driving had relatively low rates of insurance claims 
(Eco-driving.org, 2006), indicating the benefits of safe eco-driving. 
User Comforts 
Eco-driving shifts gears less, brakes less and accelerates less than normal 
driving, thereby providing comfortable driving and riding experiences for drivers and 
passengers.   
2.1.3 Eco-driving evaluation 
The increasing popularity of eco-driving has generated much interest in 
quantitatively assessing its effectiveness. Considering the vehicles and road networks 
as a traffic system, the system input is the drivers and their corresponding driving 
activity, and the system output is the traffic performances (e.g., travel time and fuel 
consumption). An eco-driving strategy represents a control method or interruption to 
the traffic system. Then, the eco-driving evaluation study becomes a traditional 
evaluation problem, with which researchers are interested in working out the 
relationship between the input (i.e. eco-driving) and the output (i.e. corresponding 
traffic performance). The key concern, as concluded by Smit et al. (2009), becomes 
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quantifying the input and its corresponding traffic performance under various 
circumstances.  
Four eco-driving evaluation topics are discussed in the following sections:  
 What is evaluated in prevailing eco-driving studies? 
 How is eco-driving evaluated? 
 Short-term and long-term impacts of eco-driving, and 
 Eco-driving impacts on individual vehicle and traffic flow. 
What is evaluated? 
The two approaches in Figure 2.1 show how eco-driving could influence 
vehicle operations and achieve ecological benefits. The first approach relies on driver 
understanding of the eco-driving strategy and its corresponding operations. A driver 
acts as an intermediary, transferring the eco-driving strategy towards the actual 
operations of the vehicle on the road. During this process, the effectiveness of eco-
driving is determined by how well a driver understands the eco-driving strategy and 
how that driver complies with the promoted operations. For example, the actual 
effects of the eco-driving strategy of gentle accelerations are subject to whether 
drivers follow the recommendation and to what extent they apply theses 
recommendations while driving. 
The second approach considers the eco-driving strategy as mandatory 
operations on the vehicles. Compared to the first approach, which involves human 
response, this approach provides a straightforward effect on vehicle performance. 
For instance, For instance, the eco-driving strategy “maintaining vehicle in good 
condition” works regardless of driving behaviours on roads.  
 
Figure 2.1 Eco-driving triangle: relationship between application and realisation 
Eco-driving 
Drivers Vehicles 
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Eco-driving evaluation studies also have two categories regarding how eco-
driving is taken into effect. The first category investigates how human drivers 
interpret the information of eco-driving and how they respond in operating the 
vehicles (i.e., human-in-the-loop); the second group focuses on the direct impacts of 
an eco-driving operation (i.e., eco-driving philosophy). 
Human-in-the-loop 
When human behaviours are involved in eco-driving activities, the evaluation 
objective is to reveal the net benefits of eco-driving after introducing eco-driving to 
the drivers. In this category the information of eco-driving is firstly received by a 
driver; and the corresponding actions are conducted based on the interpretation of 
that eco-driving information by the driver. Consequently, it is important to 
understand the nature of driver attitudes and responses towards eco-driving. 
 A study conducted by the Swedish National Road Administration (Johansson, 
1999) revealed that trained eco-drivers obtained an average of a 10.9% reduction in 
fuel consumption. The study used before-and-after analysis. The drivers were taught 
a series of eco-driving operations in specifically designed training courses. The study 
revealed that drivers were willing to practise eco-driving after attending classes. In 
this study, it is interesting to find that only deceleration behaviours were found 
significantly different before and after the training, although the training course 
covered a wide range of eco-driving operations. This implies that the understanding 
or the interpretation of eco-driving did not exactly follow the training materials while 
running the driving trails. 
Hornung (2004) reported five eco-driving experiments undertaken between 
1995 and 2003.  For the purpose of training, this study utilised a traffic simulator to 
improve the understanding and practice of eco-driving, although some of the drivers 
thought that the artificial environment was still a long way from reality. The benefit 
shown was 17% lower fuel consumption. 
It can be seen that the benefits of eco-driving would vary, depending on the 
diversity of driving behaviours. In addition, it is not easy to clarify the benefits for a 
particular eco-driving operation because drivers are usually trained with a mix of 
eco-driving recommendations, not with a single fixed rule. 
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Eco-driving Mechanism 
This category of eco-driving study looks directly into how the eco-driving 
mechanism could affect traffic performance. Studies in this category differs from the 
human-involved approach in that they stand on the assumption that eco-driving could 
be perfectly conducted by drivers or even controlled by intelligent vehicles. Under 
this circumstance, the focus is to investigate and quantify how one or some particular 
eco-driving operations could help in approaching the expected benefits.  
A representative example of this group is an optimisation study for ecological 
driving operations. Saboohi and Farzaneh (2009) optimised the driving operations of 
acceleration, speed and gear-shifting with respect to fuel economy. The relationship 
between vehicle operations and fuel consumption are built based on physical models. 
This study revealed that the optimised driving behaviours have great potential for 
reducing fuel consumption for passenger vehicles. 
Elliot et al. (2013) studied a novel type of eco-driving called dynamic eco-
driving, which provide instant information and instruction for drivers to make 
immediate responses. The research results showed a 10% to 20% improvement in 
fuel economy. 
Mori et al. (2010) used a traffic simulator to assess the impacts of speed control 
on environment performance. In the simulation study, it is assumed that the direct 
impacts of eco-driving are obtained because the simulator is able to provide precise 
control with respect to driving speeds. 
De Vlieger (1997) explored two different driving behaviours (i.e., normal and 
aggressive) in terms of fuel consumption and pollutant emissions, identifying that 
aggressive driving resulted in a 30% to 40% increment of fuel consumption. A little 
different from the eco-driving study discussed earlier, this comparison is made 
specifically for two driving groups with natural driving behaviours. It seems this type 
of study is suitable only for revealing the eco-driving benefits with driving 
behaviour-related operations.  
How is eco-driving evaluated? 
There are three approaches in the state of the art of eco-driving evaluation 
studies: field experiment, driving simulator and traffic simulation. 
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Field Experiment 
The field experiment approach is the most popular in the literature since the 
appearance of the eco-driving strategy (SenterNovem, 2005; Smit, 2010; Symmons 
et al., 2009). Filed experiment studies directly compare before-and-after performance 
based on the driving operations of real drivers in real road situations. Table 2.1 lists 
some of the existing eco-driving studies which follow the field experiment approach. 
In the field experiment approach, performance aspects, such as driving speed, 
fuel consumption and CO2 emission are normally measured and recorded by sensors 
that are able to precisely represent the output of eco-driving.  
However, the credibility of the experiment results greatly depends on several 
aspects. Firstly, this type of assessment is labour-intensive and time-consuming 
because it requires all inputs and outputs to be based on a real driving experience. 
Under this circumstance, to obtain statistically conclusive results, a great number of 
experimental runs are required. For example, an Australian eco-driving study 
conducted by RACQ and QUT (Roth et al., 2012) spent approximately 10 months 
and obtained 1056 effective samples for the final assessment. 
Table 2.1 List of eco-driving studies on field experiment 
Country/Area Reference Major findings/benefits 
U.K. & Western Europe (SenterNovem, 2005) revealed 8.5% fuel saving 
Sweden (Johansson, 1999) found 10.9% fuel saving 
Dutch (Vermeulen, 2006) reported 7%-10% fuel saving 
Belgian (following the 
Dutch eco-driving rules) 
(Mierlo, 2004) 
found misinterpreted rules 
among test drivers 
Ford of Europe (Ecodrive.org) 
estimated 10% fuel saving in the 
long term 
European Commission 
(SenterNovem, 2005), 
(CIECA, 2007) 
achieved 15%-25% fuel saving 
in the first year, but reduced to 
4.7%-8% after one year 
Australia (Symmons, 2011) 
provided insights of eco-driving 
experiment design based on six-
month of eco-driving trail 
Australia (Michael et al., 2012)  
found driving education 
contributed 4.6 % fuel saving 
per Km 
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In addition, even though sufficient experimental samples are obtained, it is 
almost impossible to ensure that the before-and-after comparison stands on the same 
benchmark. The common design of a field experiment is to conduct the test under 
similar traffic conditions, such as a unique driving route and the same time of day, 
which would ignore the complexity and variation of many microscopic traffic 
features on the road. For instance, the delay time caused by traffic signal control at a 
certain intersection would be simply different in two test cases.  
Completely interpreting the output results is difficult because much 
information, such as how a driver understands a specific eco-driving tactic and how 
much of an eco-driving instruction has been followed, is sometimes unavailable or 
unable to be quantified in the field experiment. These parts of the information are 
usually smoothed in the averaged output, without specific explanation, which may 
not reflect the real impact of eco-driving (Symmons et al., 2009).  
Driving Simulator 
Driving simulators have increasingly been implemented for environment-
related studies (Hornung, 2004). A typical driving simulator displays the virtual 
environment and has a driving controller: either a full-sized vehicle or simply a 
steering wheel. The drivers would able to “drive” in the virtual environment.  Table 
2.2 provides three typical studies that adopted this approach for eco-driving 
evaluation. 
Table 2.2 Eco-driving evaluation study by using driving simulator 
Country/Area Reference Major benefits/findings 
Switzerland (Hornung, 2004) 17 Fuel saving 
Japan (Hiraoka et al., 2009) 15% fuel saving 
Korea (Kim, 2012) People would like to accept 
informative instructions while driving 
This approach could effectively reduce the experiment cost for running 
different scenarios. As the traffic and road conditions of all scenarios are repeatable, 
this approach ensures the before and after test-bed could be equally compared. 
However, as the driving environment is virtually replicated, the outputs, including 
driving behaviour and traffic performance, would highly rely on the fidelity of the 
simulator. Another disadvantage is that this method is unable to filter out the human 
factors (i.e. eco-driving understanding issue) that are mentioned in the field 
experiment.  
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Traffic Simulation 
The rapid development of computers has boosted the spread of traffic 
simulation. Table 2.3 gives several typical eco-driving approaches based on traffic 
simulation, which relies on all virtual environments, including virtual roads, 
simulated drivers and replicated traffic controls, could significantly reduce the labour 
involved in eco-driving studies. As simulation adopts modelled driving behaviours 
and virtual roads, the flexibility of scenarios could be further extended. That is to say, 
traffic simulation is able to provide a variety of test-beds (either real or not real) at 
relatively less cost. The key task to follow this approach is to properly replicate 
driving behaviour and corresponding performance. Under this circumstance, the 
input (i.e. eco-driving) could follow the desired behaviour closely for analysis. 
Table 2.3 Eco-driving evaluation study by using traffic simulation 
Country/Area Reference Major benefits/findings 
Japan 
(Mori, 2010) 
gentle driving could potentially induce 
congestion during peak period 
(Kobayashi, 2007) the same as above 
Australia (Qian and Chung, 2010) 
traffic mobility and fuel economy is 
compromised under heavy demand 
France Olivier (2011) 
fuel consumption performance is highly 
affected by traffic conditions 
Short-term and long-term impacts 
For eco-driving evaluation, both short-term and long-term impacts need to be 
considered. Short-term impact reflects the immediate benefit that is brought by 
adopting eco-driving, while long-term impact represents the development and on-
going benefits in implementation of eco-driving strategies.   
Short-term Assessment 
Most desired is knowing how eco-driving actually affects traffic performance 
at the tactical level. A straightforward approach starts from the optimisation of 
individual driving behaviours. Saboohi and Farzaneh (2009) specifically studied on 
how to accelerate and operate automobiles using the least fuel consumption. First of 
all, they developed a model that describes the relationships between fuel 
consumption, vehicular speed profile and traffic conditions. They categorised this 
model as an optimal control problem, with the objective functions of minimization of 
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fuel consumption and the control variables as the speed and gear ratio. The solutions 
provided the optimal driving operations in terms of acceleration rates, desired speed 
and gear shifting techniques.  
This study also revealed that the maximum engine power needed in intense 
traffic condition was lower than the power generated by a wide open throttle. In other 
words, high traction power in intense traffic results in more fuel consumption 
because of the frequent deceleration needed. Results from this study imply that 
gentle acceleration with less aggressive driving will save fuel consumption, 
especially in intensive traffic conditions. The short-term assessment would provide 
the basic understanding of eco-driving effects. Many other studies are also included 
in the short-term category. 
Although short-term study is beneficial for eco-driving strategy development, it 
is not suitable for developing eco-driving strategy or policy because it might not give 
promising benefits on the eco-driving implement in the long run. The issues include 
but are not limited to: 
 Driver behaviour and compliance with eco-driving instructions would 
change in time; 
 The penetration rates of eco-driving in the driver population would also 
change due to the promotion of eco-driving; and 
 Eco-driving techniques and vehicle technology will keep developing. 
Long-term Assessment 
Long-term evaluation considers the impacts over a relatively long period (e.g., 
over 1 year). An interesting finding with respect to the long-term effect of eco-
driving is that the fuel consumption savings tend to be less significant after a certain 
period (SenterNovem, 2005). The changes are mainly caused by the user’s 
compliance level in time (CIECA, 2007). Also, with the promotion of the eco-driving 
strategy, increasing the number of normal users who shift their behaviour towards 
ecological driving would significantly affect the eco-driving performance from the 
entire traffic system perspective. 
At present, finding the long-term impact is not an easy task. The major issue is 
the lack of available data for analysis. In addition, many of the studies adopt different 
evaluation methods, leading to diversity in the eco-driving findings.  
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Impacts on individual vehicles and traffic flow 
For Individual Vehicle 
The majority of existing studies focus on assessing individual eco-driving 
performance. Following this approach, few studies have found negative impacts after 
applying eco-driving. This is because the core of eco-driving strategy is to efficiently 
operate individual vehicles. In reality, however, traffic flow involves a combination 
of different driving behaviours that require further investigations.  
For Traffic Flow 
Figure 2.2 illustrates the concern about eco-driving assessment. Questions are 
asked whether eco-driving could benefit traffic flow as a whole. Theoretically, eco-
driving, as a gentle and smooth driving behaviour, would affect not only the 
ecologically-driven vehicle but also the neighbouring vehicles, especially the 
following vehicles. Therefore, the eco-driving vehicles with relatively slow speed 
would potentially impede the moving of the followers, leading to compromised 
traffic capacity. In practice, Ando and Nishihori (2011) explored the following 
behaviours of the drivers after eco-driving vehicles based on a field experiment and 
revealed that an eco-driving leader would potentially induce the following drivers 
who have normal driving behaviours to behave like ecological driver. These facts 
emphasise the importance of having comprehensive understanding of eco-driving 
impacts from a traffic flow perspective. Consequently, the final product of eco-
driving is not clear if it is assessed from the traffic flow perspective, as more study is 
required in this area.  
 
Figure 2.2 Eco-driving impacts on individual and traffic flow 
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2.1.4 Eco-driving review: summary and discussion 
Eco-driving is widely accepted as a useful approach to alleviate energy and 
environment pressures that are caused by the use of automobiles. The benefits have 
been proved by various evaluation methods in many studies across the world. The 
literature regarding eco-driving evaluation reveals that the difficulty of evaluation 
will be increased because more details have to be included in any study.  
The literature survey reveals that few studies have focused on the total impact 
from the traffic flow point of view at the short-term perspective and the long-term 
perspective at the same time. Consequently, comprehensive investigation in these 
fields is necessary. 
Selection of the evaluation method would determine not only the study cost but 
also the credibility of the test results, in terms of a particular eco-driving aspect. 
Table 2.4 indicates the pros and cons of the three popular evaluation methods found 
in the literature survey, giving particular considerations to several issues involved in 
the study of eco-driving. 
Table 2.4 Comparison of different evaluation methods 
Methods        
Item 
Field experiment 
Driving 
simulator 
Traffic 
simulation 
Cost for 
replicating 
scenarios 
High Relatively high Medium 
Statistical 
feature of the 
test results 
Macroscopic 
Macroscopic or 
Mesoscopic 
Microscopic, 
Mesoscopic or 
Macroscopic 
Traffic flow 
coverage 
Individual vehicle 
Individual vehicle 
or some in the 
platoon 
The entire traffic 
flow 
Fair 
comparison 
Hard to produce 
similar comparison for 
road and traffic 
condition 
Traffic and road 
condition is under 
control 
Traffic and road 
condition is under 
control 
Long-term and 
short-term 
Relatively long-term Short-term 
Short-term or 
long-term 
Acceptance of 
eco-driving 
Depends on particular 
driver 
Depends on 
particular driver 
Controlled 
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As shown in table 2.4, it can be concluded that traffic simulation is an efficient 
method for investigating eco-driving from a global point of view because of its cost-
benefits and its capability to generate desired eco-driving behaviours. A simulation 
approach is suitable to assess the performance of the traffic flow because of its 
powerful ability to mimic traffic flow characteristics. Compared to the field 
experiment and the driving simulator, traffic simulation is capable of providing well-
controlled base scenarios which involves the key analytical factors of interests, 
without irrelevant impact factors. In addition, simulation approach is flexible for 
exploring both short-term and long-term impacts.  
As a result, this study proposes to study the eco-driving behaviours and their 
corresponding traffic performance based on traffic simulation. However, as the 
credibility of simulation study relies on whether the real driving behaviours and 
traffic conditions have been reasonably imitated, real traffic data and driving 
behaviour information is also required for this study.  
So far, little literature has reported the comprehensive eco-driving behaviour 
data of an entire traffic platoon. Therefore, the study proposes to start from the 
investigation of driving behaviours which involve the eco-driving strategy.   
A field experiment is firstly studied to capture the basic understanding of how 
eco-driving would affect the traffic flow. The field experiment consists of a traffic 
platoon with both normal driving behaviours and eco-driving behaviours. The 
driving behaviours and environment performance in the experiment are modelled for 
extended replications under a variety of test scenarios not available in a field 
experiment scheme. For example, the long-term impact is not easy to assess in a field 
experiment, whereas it can be assessed on a simulation test-bed. This design could 
effectively reduce the excessively high cost in replicating different scenarios. 
Meanwhile, the micro-simulation components enable the evaluation to cover 
sufficient scenarios which reflect the many of scenarios of interests.  
The span between field experiment and traffic simulation, which is one of the 
major tasks of this study, becomes very critical. The following sections review the 
queue discharge procedures and environmental performance from the modelling 
perspective, providing helpful understanding on which to build the span between real 
traffic conditions and modelled conditions in the eco-driving simulation.  
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2.2 QUEUE DISCHARGE PROCEDURES  
The proposed evaluation framework has two major components: the driving 
movement component and the environment estimation component. At signalised 
intersections, the queue discharge (QD) procedures describe how the traffic flow 
moves after the traffic light turns to green. These simulated behaviours are the basis 
for the estimation of environmental performance. Consequently, it is important to 
accurately describe queue discharge procedure. 
2.2.1 Queue discharge trajectory 
At urban signalised intersections, stop-and-go manoeuvres are unavoidable, 
dominating the traffic flow movements. Figure 2.3 illustrates a typical example of 
queue departure trajectories. When the traffic light turns to green, vehicle will each 
respond, accelerating towards their desired speeds. Traffic flow characteristics, such 
as saturation flow speed and headway, could then be measured.  
 
Figure 2.3 Examples of queue discharge trajectories  
However, the ideal trajectories shown in Figure 2.3 are not always available in 
reality. When there are various driving behaviours in a traffic flow (e.g. sportive 
driving and normal driving), the traffic flow will not be homogenous all the time. 
Figure 2.4 illustrates examples of heterogeneity in queue discharge procedures. The 
time-distance diagrams are plotted based on the NGSIM dataset (Federal Highway 
Adminstrations, 2006). The top chart in figure 2.4 gives an example of the expanded 
distance between vehicles in the platoon. The chart in the middle shows the closed 
distance. The chart in the bottom illustrates the difference of start-up response before 
the stop-line. 
Therefore, for eco-driving studies which involve driving behaviour variations, 
it is important to properly describe accurate acceleration operations and 
corresponding traffic flow features.  
Distance 
Stop-line 
Time 
Traffic queue 
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Figure 2.4 Real queue discharge trajectories from the NGSIM dataset 
A complete queue discharge procedure with the corresponding traffic flow 
characteristics is shown in figure 2.5.  
 
Figure 2.5 Queue discharge at a signalised intersection (source: Queue discharge flow and speed 
models for signalised intersections (Akcelik and Besley, 2002)) 
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The following notions are normally used in the transport engineering field to 
describe the queue discharge procedure: 
 Jam spacing, Lhj: The distance between follower and leader; 
 First vehicle response time, tr: The response time needed for the first 
vehicle to start-up after the green is onset; 
 Saturation speed, vs: The speed of a vehicle when saturation flow, a 
steady flow, has been formed; 
 Queue clearance speed, vx: The speed of the queue clearance wave; 
 Start loss, ts, it provides the reaction time needed for  a vehicle to 
response the start of its leader, and it is normally considered as a 
constant value; and 
 Saturation headway, hs: The time gap between two consecutive vehicles 
when passing the stop line.  
2.2.2 QD description for intersection analysis 
The initial development of the queue discharge description aims to provide 
fundamentals for intersection capacity analysis. In HCM (Transport Research Board, 
2000) and ARR123 (1998), traffic flow features during a queue discharge procedure 
are described as shown in figure 2.6, which shows how traffic flow processes after 
green onset. The green interval includes a short time which is not used by vehicles 
due to the drivers’ response. After green, vehicles can continue to enter the 
intersection until the beginning of the yellow interval, and the residual vehicles need 
to clear the intersection at the last part of the yellow time. The real green that 
services the vehicles is to be defined as effective green, consisting of the green time 
effectively used and the part of the yellow time used. It can be expressed as below: 
                                        (2-1) 
Where 
 = effective green 
 = actual green  
 = actual yellow 
 = all-red  
  =start-up lost 
  =clearance lost 
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Figure 2.6 The lost time and saturation flow (Federal Highway Administration 2008) 
The effective green time could then be utilised for capacity estimation by 
assuming that the saturation flow rate is achievable during that time (Webster and 
Cobbe, 1966; Akcelik et al., 1999; Teply et al., 1995; Transport Research Board, 
2000; and Akcelik and Belsey, 2002).  
Specifically, in HCM 2000, the procedure of queue discharging at an 
intersection is depicted according to the headway distribution, as shown in figure 2.7.  
 
Figure 2.7 Headway of queued vehicles (Transportation Research Board, 2000) 
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The value of “h” represents the saturation headway, estimated as the constant 
average headway after the fourth vehicle passing through the stop line and 
continuing until the last vehicle in the queuing platoon. Notably, here an important 
assumption is made that the saturation headway is reached after the fourth vehicle 
queued before the stop line. In reality, the number of the vehicles reaching the 
saturation flow varies. Then, by knowing the saturation headway and the total start-
up loss, the queue discharge performance is able to be estimated.  
2.2.3 Analytical QD model 
Further development of the QD model aims at advanced signal control. Akcelik 
et al. (1999) developed exponential queue discharge flow rate and speed models 
which directly span the relationship between vehicular movement and the time 
instance. This model gives the potential for finding optimal parameters in the 
advanced signal control concept, such as the stop-line detector loop length and the 
SCATS control parameters. The general model equations are given as follows: 
     [   
         ] 
     [   
         ] 
                           [   
         ]                       (2-2) 
Where 
vs is the queue discharge speed at time t (km/h) 
t is time since the start of the displayed green (second) 
tr is the start response time ( a constant value) related to an average driver 
reaction time for the first vehicle to start moving at the start of the displayed green 
period 
mv is a parameter in the queue discharge speed model 
qs is the queue discharge flow rate at time t (veh/h) 
qn is the maximum queue discharge flow rate (veh/h) 
mq is a parameter in the queue discharge flow rate model 
hs is the queue discharge headway at time 
hn is the minimum queue discharge headway at time 
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The exponential queue discharge model provides a relatively more realistic QD 
modelling than the simplified constant saturation flow rate approach. Unfortunately, 
this model is unsuitable for describing traffic flow that involves obvious 
heterogeneities because the heterogeneity features which are shown in figure 2.4 
have been aggregated because of the macroscopic nature of the model setting. 
2.2.4 Microscopic Simulation QD model 
Simulation is a novel approach for detailing the queue discharge characteristics, 
particularly for different vehicle features. The state of the art of replicating queue 
discharge procedures mainly stands on car following philosophy.  
In other words, simulation approach focuses on the driving philosophy of every 
driver instead of the traffic flow characteristics. Then, the capability of the queue 
discharge procedure replication is determined by the capability of the driving 
behaviour simulation.  
To date, there is little literature that comprehensively discusses the queue 
discharge behaviours in microscopic simulation models. Some literature has studied 
the difference of capacity output produced by microscopic simulation and the 
analytical approach. These researches indicated that to obtain appropriate queue 
discharge flow, calibration of some of the driving behaviours parameters is required.  
However, the calibration of the parameters is focused on capacity analysis, 
with which the real driving behaviours during the queue discharge procedure is 
sometimes simplified or neglected. 
Figure 2.8 provides examples of queue discharge trajectories that are produced 
by the AIMSUN simulator (TSS, 2010). The AIMSUN simulator is embedded with 
Gipps Car following model (Gipps, 1981) to generate vehicular movement. The 
dashed trajectories represent a driver with significant difference in acceleration 
behaviour, denoted as a slow/sportive driver.  
In the left part of figure 2.8, the driver tends to drive slowly by assigning low 
acceleration rates. In the right part of figure 2.8, the abnormal driver tends to drive 
quickly by assigning high acceleration rates. However, neither of the two examples 
produces obvious traffic flow heterogeneity similar to the observations shown in 
figure 2.4.  
 28 Chapter 2: Literature review 
  
Figure 2.8 Examples of queue discharge behaviour in microscopic simulation 
As well as the queue discharge description in the AIMSUN traffic simulator, a 
review of the existing car following (CF) philosophy in queue discharge applications 
is provided and discussed. 
Gazis-Herman-Rothery (GHR) model 
GHR model describes a typical stimulus-response CF philosophy. The model 
assumes that a follows’ speeds are proportional to the speeds of the follower, the 
speed difference between follower and leader, and the space headway. As a result the 
output acceleration would be smooth when the leader accelerates properly.  
Collision Avoidance (CA) Model 
The collision avoidance model (CA) provides acceleration rate based on the 
safety concern. For queue discharge procedure, safety might not be the major 
concern from the driver’s perspective. This is because during the acceleration period 
the driving speed is relatively lower compared to cruising status.  
In addition, the objective of the queue discharge is to clear the intersection 
within the period of the green light. Consequently, the safety issue would be only a 
relatively minor concern while the vehicles are departing the intersection.  
Action Point (AP) Model 
Psycho-physical models use thresholds or action points where the driver 
changes his/her behaviour. The AP-model enables the model to determine whether 
the driver is interactive with his/her leader and to decide which type of reaction is 
adopted by the driver according to a range of conditions and on-road conditions.  
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Desired-spacing Model 
The desired-spacing model considers car following based on individual 
characteristics about desired-spacing, by which a follower adjusts acceleration to 
reach a desired spacing after a certain period.  
Fuzzy Logic Model 
A fuzzy logic approach usually considers the selection of acceleration in a 
discrete manner. That is to say, a driver’s perception of the following condition is 
fuzzified. And with the human-in-loop logic of the fuzzy philosophy, it allows the 
driver to operate with “error” along queue discharge, which is a more realistic 
description of the driving behaviours. However, the difficult is there is always lack of 
date or the calibration of a fuzzy model could be complicated.  
The advantages and disadvantages of implementing these CF models for queue 
discharge behaviours at signalised intersections are summarised in table 2.5.  
Table 2.5 Advantages and disadvantages of the car following models for queue discharge 
CF family Advantages Disadvantages 
GHR 
family 
has simple model 
format 
follower’s actions are dominated by the 
preceding vehicle; the model output is linear 
CA-model 
reflects safety features 
of driving  
is not suitable for queue discharge description 
because the main driving concern is not only 
safety but also quick departure at intersections  
AP-model 
has the capability of 
switching in different 
CF regime 
demands lots of data for model calibration 
Desired-
spacing 
model 
has simple model 
input (i.e., spacing)  
needs to calibrate the desired spacing for 
different driving behaviours 
Fuzzy logic 
 
has discrete features 
for model inputs and 
outputs 
requires justification of the relationship 
between input and output 
2.3 ENVIRONMENT PERFORMANCE ESTIMATION 
Fuel consumption and emission models predict the quantity of energy 
consumption and emission discharge based on a variety of relevant factors. 
Traditional fuel consumption and emission models use driving states, vehicle 
conditions or vehicle composition as model inputs. The prevailing fuel consumption 
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and emission models usually predict environment performances such as petrol fuel 
consumption, CO2, CO, HC, and NOx. 
Estimating fuel consumption and emission via modelling is a cost-effective 
approach when compared to a field survey. In literature, two categorises of 
estimation approaches are widely adopted and developed: macroscopic and 
microscopic modelling. 
2.3.1 The macroscopic approach 
A macroscopic fuel consumption or emission model utilises aggregated input 
data obtained during a relatively long period to estimate fuel consumption or 
emission. The inputs of a macroscopic model are normally aggregated temporally 
and spatially. The state-of-the-art macroscopic models include, MOBILE6 (EPA, 
2001), EMFAC2002 (CARB, 2002), and COPERT III (Kouridis et al., 2000), 
ARTEMIS (Keller and Kljun, 2007) and MOVES (EPA, 2009). These aggregated 
models do not consider the microscopic features of driving behaviours, such as 
instant acceleration rates.  
 The macroscopic fuel consumption model and emission model is useful for 
inventory study, especially for long-term investigation. However, it might not be 
suitable for microscopic environment assessment due to its lack of detail in inputs 
and outputs.  
The macroscopic approach is also good for its simplicity at implementation. 
However, its drawback is its inability to introduce any difference regarding driver 
behaviours. Therefore, it is reasonable to believe that this approach does not comply 
with the objective and tasks of this study, because more detailed fuel consumption 
and emission models are required. 
2.3.2 The microscopic approach 
Theoretically, from a microscopic perspective, the fuel consumption and 
emission are determined by the vehicle power at each instance. Second-by-second on 
road condition and traffic flow features would also affect the output.  
Microscopic emission models estimate instantaneous emission rates during a 
series of short time steps. The emission results are derived from the relationships 
between the emission rates and instantaneous measurements such as vehicle power, 
acceleration and speed. Microscopic emission models are sensitive to changes in the 
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vehicle measurements: they can be used to assess the effects of traffic measures for 
operational purposes (Rakha et al., 2003). 
Power Model 
The emission model in the SIDRA TRIP drive-cycle simulator (SIDRA 
SOLTUIONS) is developed for microscopic traffic management assessment. It 
estimates fuel consumption and emission instantaneously, based on vehicle and 
traffic parameters. The vehicle parameters involve loaded mass, emission efficiency 
rates and idle emission rate. The traffic parameters include speed, acceleration rate 
and grade parameters. SIDRA TRIP has two key components: an instantaneous 
speed and acceleration model and a power-based fuel consumption and emission 
model are integrated. 
The categories of emissions include carbon dioxide (CO2), carbon oxide (CO), 
hydrocarbons (HC) and nitrogen oxides (NOx). The value of emission or fuel 
consumption in certain time steps is computed as per the following formula (Akcelik 
and Besley, 2003): 
   {  β
 
    [
β    
  
    
]     }                                                 
                                                                                                               (2-3) 
Where 
Rt= total tractive force (kN) required to drive the vehicle, which is the sum of 
rolling resistance, air drag force, cornering resistance, inertia force and grade force, 
MV= vehicle mass (kg) including occupants and any other load, 
v= instantaneous speed (m/s), 
a= instantaneous acceleration rate (m/s
2
), negative for deceleration, 
 = constant idle emission rate (g/s) or fuel rate (mL/s), 
β1= the efficiency parameter related with exhaust emission or fuel 
consumption to the energy provided by the engine, i.e. emission or fuel consumption 
per unit of energy, and 
β2= the efficiency parameter related with emission or fuel consumption during 
positive acceleration to the product of inertia energy and acceleration, i.e. emission 
or fuel consumption per unit of energy-acceleration.  
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The traffic information utilised in this model is precise when there is no 
aggregation involved. The traffic parameters and vehicle parameters input into this 
model are also reliable information that is accessible and measurable. As such, the 
model provides good accuracy in fuel consumption and emission estimation.  
However, in the power-based model, the deceleration operation is regarded 
simply as an idling mode with a constant value. In reality, the deceleration emission 
is complicated; thus the simplification usually increases the estimation error.          
Speed and Acceleration Model 
The Aimsun traffic simulation software (TSS, 2010) has embedded an 
instantaneous emission model. The emission function is developed by Panis et al. 
(2006).  
To develop this model, actual measurements are collected by an instrumented 
vehicle driving in real traffic situations. Such data cover twenty-five vehicles, 
classified into three types (i.e. cars, buses and trucks). Additionally, the cars are 
divided into petrol and diesel groups that comply with different emission 
performances. Nitrogen oxides (NOx), carbon dioxide (CO2), volatile organic 
compounds (VOC) and particulate matter (PM) are covered in this model. The basic 
equation is shown as follows: 
                               
                 
                   
(2-4) 
Where 
En(t)=the emission of vehicle n at time t 
vn(t)= instantaneous speed of vehicle n at time t 
an(t)= instantaneous acceleration of vehicle n at time t 
E0= lower limit of emission (g/s) specified for each vehicle and pollutant type 
f1, f2, f3, f4, f5, and f6= emission constant specific for each vehicle and pollutant 
type determined by the regression analysis   
For certain emissions, different factors are used for acceleration (defined as 
an(t)≥0.5 m/s
2
) and deceleration (an<0.5 m/s
2
).  
As per equation 2-4, the emission for each individual vehicle is estimated 
according to the instantaneous speed and acceleration.  
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Four-regime Driving States at Intersections 
According to figure 2.9, driving at urban intersections may experience four 
driving status which are significantly different in speed and acceleration trajectories. 
A study conducted by Zhu and Ferreira (2012) highlighted the necessity of modelling 
separate driving states, including cruising, acceleration, deceleration, and idling.  
 
Figure 2.9 Different regimes of driving states at intersections 
2.3.3 Application of integrated traffic simulation model 
A microscopic traffic emission model requires detailed input data that are 
usually not easy to obtain directly from the real world. However, traffic simulation, 
particularly microscopic traffic simulation models, offers potential solutions for 
obtaining such data. 
Microscopic traffic simulation models utilise models of driver behaviour such 
as car following, lane changing and gap acceptance to estimate operational traffic 
measures. The accuracy of the traffic model will depend on the precision of the 
model components, the quality of the input data, the model calibration, and the 
validation process (Dowling et al., 2004).     
The main benefits of using microscopic traffic simulation are clarity, accuracy 
and flexibility (Austroads, 2006). Microscopic traffic simulation models can provide 
clear and visual displays which illustrate detailed traffic operations in a readily 
understandable way (Austroads, 2006). They can capture the fluctuation of traffic 
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flow in a short period, which analytical or macroscopic simulation models are not 
able to do.  
However, microscopic traffic simulation models have the limitations. Luk et al. 
(1983) indicated that no single simulation package was capable of modelling all of 
the traffic measures. The key problem is the simplification of reality. Detailed 
discussion about the limitations of microscopic traffic simulation can be found in the 
literature (Halcrow, 2003; TfL, 2003).   
The integration of traffic and emission models allows simulation to capture 
mobility and environment performance at the same time. Simulation can be used to 
evaluate measures of effectiveness of the traffic policy or operational strategy. The 
basic framework of the integration is based on two levels. The first is the 
microscopic behaviour of traffic, which is covered by microscopic traffic simulation 
models. The other one is emission models, which estimate emission or fuel 
consumption based on the traffic flow fundamental parameters derived from 
simulation. 
To date, there are many examples of integration. Park et al. (2009) integrated a 
microscopic simulator (CORSIM) with a microscopic environment model (VT-
micro) for traffic signal optimisation with the environment objectives on top of the 
mobility performance. Although the traffic simulation model was calibrated on travel 
times, the more microscopic features, such as driving accelerations, speeds and 
queue discharge behaviours, have not been justified.  
Nam et al. (2003) linked VISSIM with a power-based Comprehensive Modal 
Emission Model (CMEM) and quantified the relationship between emissions and 
aggressiveness of driving, based on the model integration. It is found that aggressive 
driving naturally leads to higher emissions (Nam et al., 2003). However, the study 
focuses on simulation of one individual vehicle for comparison in the network. The 
study is lack of description of the entire traffic flow performances.   
Mori et al. (2010) improved the traffic flow in NETSTREAM (NETwork 
Simulator for Traffic Efficiency and Mobility) and linked it with a CO2 emission 
map for environment assessment. It is a success in integrating the traffic flow model 
and the emission model. However, the limitation is that the acceleration output is 
derived from the traffic flow model but not from the driving behaviour’s point of 
view.  
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Akcelik and Besley (2001) combined aaSIDRA traffic model with a power-
based emission and fuel consumption model. Similar studies and applications can be 
found in the literature (Smit and McBroom, 2009c; Mori et al., 2010; Noland and 
Quddus, 2006; Panis et al., 2006; Qi et al., 2004). 
2.3.4 Eco-driving and environment performance estimation 
According to Joumard (1999), the applications of traffic environment models 
are determined by the spatial scale and the model functions, which are shown in table 
2.6 and table 2.7, respectively. For this study, the focus is on an impact analysis at 
street level. Consequently, as per table 2.6, the differential calculation is important. 
As per table 2.7, the traffic flow condition, vehicular speed, and fleet composition, 
are of crucial importance.  
Table 2.6 Environment assessment and network scale 
 Spatial Scale 
Function 
Street, route, cycle, urban 
zone 
Urban network 
Impact Analysis 
(Differential calculation) 
e. g. Traffic management 
assessment 
e. g. Urban policies 
evolution 
Inventories           
(Absolute calculation ) 
e. g. street road, highway 
pollution dispersion analysis 
e. g. Urban inventories 
Table 2.7 Affecting factors and application of environment models 
 Application 
Affecting factors 
Impact Analysis Inventories 
Street level Network level Street level Network level 
Traffic Flow Essential Essential Essential Essential 
Average speed Relevant Relevant Relevant Essential 
Speed cycle Essential Essential Essential Essential 
Gradient Relevant N/A Essential Essential 
Fleet composition Essential Essential Essential Essential 
Maintenance N/A Relevant N/A N/A 
Temperature Relevant Relevant Essential Essential 
Trip length Relevant Relevant Essential Essential 
Altitude N/A N/A Relevant Relevant 
Parking Essential Essential Essential Relevant 
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2.4 TWO SIMULATION STUDIES FOR ECO-DRIVING EVALUATION 
This section outlines two case studies which had explored the impacts of eco-
driving with respect to traffic flow based on traffic simulations. These studies 
discussed the challenges to eco-driving assessment and provided corresponding 
solutions. Advantages and limitations of the solutions are also included for further 
improvements of eco-driving study.   
Qian and Chung’s study  
Qian and Chung (2011) conducted a microscopic simulation study assessing 
the traffic flow performance of eco-driving at an isolated intersection. With the 
understanding that acceleration is the major contributor of emission at the start-up 
period (Carlock, 1992; Rakha et al., 2000), Qian and Chung calibrated the 
acceleration behaviour of the vehicles in the test-bed for replication of the real 
driving behaviours. The study utilised AIMSUN traffic simulator (TTS, 2010). 
Figure 2.10 shows the geometrics of the simulated intersection in Aimsun 
environment. 
 
Figure 2.10 Simulated intersection with Aimsun simulator 
The study tested three groups of scenarios of eco-driving, as follows: 
 Different acceleration rates: An ordinary driver follows the statistical 
acceleration features. A normal eco-driver drives with 10% reduction in 
maximum acceleration while an active eco-driver adopts 20% reduction 
in maximum acceleration; 
 Different traffic pressure: The flow rates per lane were set at 300 
vehicles per hour, 600 vehicles per hour, and 1000 vehicle per hour. As 
per the signal time of this intersection, the theoretical capacity of this 
intersection is 900 vehicles per hour per lane; and 
 Different penetration rate of eco-drivers: Mixed driving styles in the 
platoons tend to generate traffic heterogeneity. The tested penetration 
rates include 0%, 25%, 50%, and 100%.  
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The key findings from this study are outlined below. 
Finding 1 
As shown in Figure 2.11, the performances of different acceleration rates with 
the same traffic condition (i.e. under saturation) imply the potential to reduce fuel 
consumption and emission by changing driving behaviour. This finding confirms the 
benefits of eco-driving with gentle acceleration. 
 
Figure 2.11 Eco-driving performance under different acceleration behaviours 
Finding 2 
As shown in figure 2.12, when the traffic was congested (traffic flow is 1000 
veh/hour), negative effects were produced by eco-driving. This result implies that 
slow acceleration has the potential to deteriorate congestion, resulting in excessive 
fuel consumption and CO2 emission from traffic flow perspective. 
 
Figure 2.12 Eco-driving performance with respect to traffic pressure 
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Finding 3 
According to figure 2.13, the changes in the penetration rates of eco-drivers 
have significant impacts on environmental performances. It is interesting to find that 
a mix of driving behaviour might have negative environmental effects.  
 
Figure 2.13 Eco-driving performance with respective to penetration rates 
Advantage and disadvantage of this study  
The study provided a potential approach for assessing eco-driving from the 
traffic flow perspective. A test based on intersection level implies that eco-driving 
might produce excessive fuel consumption while the degree of saturation is high at 
the intersection. It is also found that the environment performance is not proportional 
to the penetration rate of eco-driving, which indicates other impact factors with 
penetration rates of eco-driving. 
On the other hand, although this study discussed the interaction between eco-
drivers and normal drivers, the traditional car following philosophy was utilised for 
describing driver interaction during queue discharge. Using car following philosophy 
for queue discharge procedures has not been comprehensively justified in this study 
as well as in existing literature. In addition, the test-bed consists of only one 
intersection. In reality, for urban traffic environment, a corridor with several 
intersections is of interest for a network-level investigation.    
Olivier’s Study 
Olivier (2011) also adopted a microscopic traffic simulation approach to assess 
the effects of eco-driving in traffic flow. The study focused particularly on the 
impacts of different penetration rates of eco drivers on roads.  Regarding the driving 
behaviours simulation, the study used the Intelligent Driver Model (IDM) (Treiber et 
al., 2000) in an interurban area and the Gipps car following for urban roads, 
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respectively.  The environment model used in this study is based on mechanical 
energy consumption for fuel estimation (Olivier, 2011). The three key findings of the 
study are outlined below. 
Finding 1 
As shown in figure 2.14, under intermediate traffic pressure, fuel consumption 
performance is approximately proportional to the penetration rate of eco-driving 
when the average speeds have been reduced. This finding is similar to the trends that 
are revealed in Qian and Chung’s study, as shown in figure 2.13. 
Finding 2 
However, when the eco-driving penetration rate is relatively low, the 
ecological performance tends to be unstable. According to figure 2.14, the fuel 
consumption performance fluctuates in the range of 0%-50% eco-users. This is 
caused mainly by the behaviour inhomogeneity as indicated by Olivier (2011).   
  
Figure 2.14 Performances with respect to eco-driving penetration rates under normal traffic pressure 
Finding 3 
As shown in the left part of figure 2.15, when traffic is heavily congested (i.e., 
traffic demand is about twice of the capacity), eco-driving performs good efficiency 
in fuel consumption when the penetration rates are high. The average speeds have 
increased slightly with high proportions of eco-drivers in the traffic flow, indicating 
the impacts of eco-driving on improving driving behaviour homogeneity for smooth 
traffic flow. 
 
Figure 2.15 Performances with respect to eco-driving penetration rates under congestion 
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Advantage and disadvantage of this study  
The study particularly investigated the impacts of different penetration rates of 
eco-drivers on the mobility performance and fuel consumption performance.  
However, similar to Qian and Edward’s eco-driving study, the interactions 
between eco-driver and normal driver have not been clearly justified throughout the 
study. In addition, the input of eco-driving parameters utilised assumed values that 
were not based on real driving behaviours.  
2.5 SUMMARY 
Eco-driving has been of great interest over the past several decades. Abundant 
researches revealed the effectiveness of eco-driving in environment, safety and user 
comforts. By classification of the existing eco-driving studies, this study figured out 
the knowledge gap in existing studies. Two aspects are of crucial importance but 
have been paid little attentions. The first aspect is the impact of eco-driving on traffic 
flow, and the second aspect is the design of a proper evaluation method. 
The survey of the state of the art provides motivation to integrate field 
experiment and traffic simulation for comprehensive eco-driving evaluation. Traffic 
simulation could be a good choice in terms of cost-benefits and of its capability to 
mimic eco-driving behaviours. Meanwhile, real driving behaviour data, particularly 
eco-driving behaviour data, is required to calibrate the simulation model for 
confident fidelity.  
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Chapter 3: Experiment study of eco-driving 
effectiveness during queue 
discharge 
This chapter outlines the study of the effectiveness of eco-driving during queue 
discharge based on a field experiment conducted in the Shirosato Test Centre in 
Japan. The experiment covers three consecutive signalised intersections along an 
experimental corridor. Traffic platoons with eco-driving and normal driving 
behaviours have been tested. The key purpose of this chapter is to explore whether 
eco-driving would compromise traffic capacity or fuel economy from a traffic flow 
perspective. 
The chapter is organised as follows: section 3.1 introduces the details of the 
experiment, including the experiment site, the scenarios settings and the data 
collection; section 3.2 provides the process of data cleansing and treatment for 
analysis; section 3.3 gives the analysis and discussion about queue discharge and fuel 
consumption performance; section 3.4 offers concluding remarks. 
3.1 EXPERIMENT DESCRIPTION 
3.1.1 Experiment objective 
At urban intersections, driving with moderate acceleration would potentially 
retard the following vehicles, thus delaying the discharge of the traffic queue. This 
effect is recognised as a potential side-effect of eco-driving (Qian and Chung, 2011). 
When the slow-moving traffic induces traffic congestion, eco-driving will tend to 
provide negative impacts on the traffic mobility and fuel economy of the entire 
traffic flow.  
In 2012, an eco-driving experiment was proposed as part of a Japanese national 
programme for Energy-saving ITS validation. The experiment aimed to provide 
understanding of how eco-driving performs at urban signalised intersections. The 
experiment was a collaborative project conducted jointly by the University of Tokyo, 
the Japan Automobile Research Institute (JARI), the i-Transport Lab. Co., Ltd. and 
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Queensland University of Technology. The author of this thesis joined in the 
experiment for the following research objectives:  
 Record details of fuel consumption and behaviours of the entire traffic platoon at 
signalised intersections; 
 Explore the effectiveness of eco-driving with soft acceleration from the 
individual driver perspective; 
 Assess the impact of eco-driving on fuel consumption from the entire platoon 
perspective; 
 Compare the difference between queue discharge performance before and after 
having eco-driving behaviours; 
 Study the queue discharge behaviours at signalised intersections; and 
 Explore the microscopic features of driving behaviours and fuel consumption 
patterns for model development. 
3.1.2 Experiment site 
The experiment was conducted in the Shirosato Test Centre of the Japan 
Automobile Research Institute (JARI) on 23 and 24 July, 2012. The Shirosato Test 
Centre is located in Higashiibaraki District, Ibaraki, Japan. Figure 3.1 displays the 
map of the test centre and the testing area. As illustrated in the map, the test road 
covers approximately 1000 m of the straight lanes at the outer circuit.   
 
Figure 3.1 Map of the Shirosato Test Centre (sourced from JARI) 
3.1.3 Experiment preparation 
Signalised Intersections and Test Roads 
As the original road was like a race track, decorations were prepared to 
replicate the appearance of urban roads. As shown in figure 3.2, portable traffic 
1000 meters 
Test road 
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signals with solar power supply were utilised to control the stop-and-go of the 
vehicles, and white adhesive tape was applied as stop-lines.  
 
Figure 3.2 Traffic signal and stop-line 
Along the test road, three consecutive intersections were set, as in the 
schematic shown in figure 3.3. The distances between intersections were sufficient 
for vehicles to reach desired speeds after passing through each intersection. 
 
Figure 3.3 Sketch of the test road 
Drivers and Cars 
In total, there are 15 drivers and cars involved in the driving test. The drivers 
are divided into two groups in terms of their driving behaviours and instructions. 
Normal drivers are hired to complete the driving tasks using their normal driving 
behaviours without any instructions and interference; professional drivers are trained 
and asked to following the following eco-driving rules at intersections: 
The maximum acceleration rate is approximately 1.11 m/s
2
, and the vehicle 
reaches the speed of 20km/h after 5 seconds of start-up 
In addition, all the drivers have to obey the maximum speed limit of 50 km/h 
along the test road, and overtaking is strictly prohibited. 
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The 15 vehicles are labelled from 1 to 15. Three types of vehicles were utilised 
in this experiment. Table 3.1 provides the specification of the vehicles. Table 3.2 
gives the arrangement of the vehicles regarding the IDs. 
Table 3.1 Vehicle specification 
Model 
Max load 
(passenger) 
Vehicle 
weight (kg) 
Length 
(cm) 
Width 
(cm) 
Height 
(cm) 
Displacement
(L) 
Toyota Vitz 
(2012) 
5 1245 388 169 150 0.99 
Toyota Estima 
(2010) 
7 2125 479 182 173 2.36 
Honda Freed 8 1750 421 169 171 1.49 
 Table 3.2 Vehicle ID and model 
Vehicle model Toyota Vitz Toyota Estima Honda Freed 
Vehicle ID 1,2,4,5,6,7,9,10,11,12,13,14,15 3 8 
 
Signal Timing Plan 
The traffic signal controllers at the intersections are coordinated. Table 3.3 
shows the offset configurations as well as the timing plan. 
Table 3.3 Signal timing plan 
Intersection 
ID 
Cycle time 
(second) 
Green split 
(second) 
Yellow 
(second) 
Red 
(second) 
Offset 
(second) 
1 82 37 3 42 N/A 
2 82 37 3 42 37 
3 82 37 3 42 58 
 
Experiment Scenarios 
Figure 3.4 illustrates an example of how the traffic platoon with normal drivers 
and eco-drivers is arranged to progress at an intersection. First of all, all vehicles are 
forced to stop before the stop-line when the red traffic light is onset, as shown in case 
A and case B in figure 3.4. Once all the vehicles have fully stopped, a green signal 
would be activated to allow them to discharge in sequence, as shown in case C. The 
experiment measured and analysed the impacts of eco-driving on the queue discharge 
characteristics, as displayed in case D. The experiment selected intersection 1 and 
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intersection 3 (intersection ID is given in figure 3.3) for queue discharge analysis; the 
signal of intersection 2 was designed to let traffic pass through without stopping. 
 
Figure 3.4 An example of vehicle discharging at the intersection 
In total, the experiment proposed 10 scenarios with respect to eco-driving 
numbers and eco-driver positions, as illustrated in Table 3.4. Scenario 1, the base 
scenario, involves no instructed eco-driving behaviours. Each scenario was 
conducted three times, generating 30 replications. The detailed arrangement of the 
vehicles in each scenario is given in Appendix I. Figure 3.5 is a photo captured 
during the experiment. 
Table 3.4 List of the test scenarios 
Scenario 
Number of 
Eco-driver 
Position of Eco-driver 
Number of 
replication 
Scenario 1 0 N/A (non-eco) 3 
Scenario 2 1 1st vehicle 3 
Scenario 3 1 5th vehicle 3 
Scenario 4 1 10th vehicle 3 
Scenario 5 1 2nd vehicle 3 
Scenario 6 2 1st and 5th vehicle 3 
Scenario 7 2 1st and 10th vehicle 3 
Scenario 8 2 2nd and 5th vehicle 3 
Scenario 9 2 5th and 10th vehicle 3 
Scenario 10 2 2th and 10th vehicle 3 
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Figure 3.5 A photo of the experimental vehicles 
As shown in figure 3.5, 15 vehicles were arranged to drive though the 
experiment area in a solid platoon. The sequences of vehicles were coordinated at the 
starting point before the start of each run.  
3.1.4 Data Collection  
To capture the vehicle trajectories, the study used portable GPS units to record 
the position information. To obtain the fuel consumption profile, instant fuel 
consumption sensors were installed on all the vehicles. Figure 3.6 shows the photos 
of the portable GPS unit and fuel consumption sensor.  
 
Figure 3.6 Portable GPS unit and fuel consumption sensor 
Traffic light 
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Additionally, 16 video cameras were installed on tripods along the 1000 m test 
road. Figure 3.7 shows the installation of cameras on the road side. At each 
intersection, additional cameras were set to focus on the stop-line for queue 
discharge behaviour analysis. The recorded video was used as backup data to amend 
the noises and errors in the GPS dataset. Details of the data collection equipment are 
given in appendix II.  
 
Figure 3.7 Cameras installed on road side 
The experiment collected the following data: 
 Instant speed: km/h 
 Latitude: GPS WGS-841 
 Longitude: GPS WGS-84 
 Altitude: GPS WGS-84 
 Engine revolution: revolutions per minute (rpm) 
 Engine temperature: ˚C 
 Fuel consumption rate: ml/sec 
 Throttle: throttle pedal in % 
 Brakes: yes/no 
Particularly for vehicle 14, a precise speed and acceleration detector is also 
installed. Figure 3.8 gives the installation of the detector on the vehicle. This detector 
is capable of providing instant speed and acceleration measurement with high 
accuracy. 
                                                 
 
1
 WGS (World Geodetic System)-84 is the latest version of the reference coordinate system used by 
the Global Positioning System (Dating from 1984 and last revised in 2004) 
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Figure 3.8 Precise speed and acceleration detector 
3.2 DATA PROCESSING 
This section introduces how the raw data is sorted and processed for analysis.  
3.2.1 Analytical period 
According to the experiment design (introduced in section 3.1.2), the 15 
vehicles were required to drive through a 1000 m corridor across three signalised 
intersections. At two of the intersections, the vehicles are forced to stop and go in 
accordance with the signal control. To have a crystal view of the experiment result, 
the study focuses on two analytical periods of the experiment. The specification and 
data coverage are given as follows: 
 For a complete run (i.e., passing through the entire test road): each vehicle’s 
fuel consumption was accumulated from the start of green at the first 
intersection until the car arrived at the destination at 1000 m away from the 
first intersection; and 
 For a queue discharge procedure at an intersection (i.e., at intersection 1 and 
intersection 3): each vehicle’s fuel consumption was accumulated from the 
start of green at the intersection until the vehicle arrived at 200 m after the 
intersection. 
The rule for a complete run ensures that the fuel consumption data is 
accumulated right after the queue start to discharge until the vehicle arrives at the 
experiment destination. The rule for a queue discharge procedure at an intersection 
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focuses only the fuel consumption near an intersection. The distance of 200 m is 
selected because all vehicles are able to accelerate to their desired speed before this 
point.  
3.2.2 Trajectory interpolation 
The frequency of the GPS data collection is approximate 1 second with 
deviations. Consequently, the raw data was processed with interpolation techniques 
to ensure the data was evenly distributed in each second. As there is a lack of field 
data at the integer time stamp for interpolation validation, and most of the data is 
close to the integer time stamp, linear interpolation was utilised. The interpolation 
results were compared to the raw data. Figure 3.9 demonstrates an example of the 
interpolated and observed trajectory of a vehicle along the corridor.  
 
Figure 3.9 Interpolation of the trajectory of a vehicle  
Another treatment has been carried out to reduce the trajectory noises caused 
by the offset problem of the GPS position equipment. Some raw data has been found 
to be offset, causing overlap of vehicles on the trajectory plots. To solve this, video 
data was checked to adjust the positions in the traffic platoon. Figure 3.10 gives an 
example of the running trajectories of 15 vehicles after data processing. 
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Figure 3.10 Interpolated trajectories of Run One 
3.2.3 Fuel consumption data 
For fuel consumption data, the instant fuel consumption rate is aggregated to 
retrieve the total fuel consumption. The braking information is used to distinguish the 
braking status and the acceleration status. Appendix II provides an example of the 
data format collected from the fuel consumption sensors. 
3.3 DATA ANALYSIS 
The following sections give the analysis of the experiment data. Firstly, 
performance of individual vehicles is explored with the following motivations: 
 To evaluate the effectiveness of the eco-driving strategy from the 
individual driver’s perspective and to validate the concept that supports 
utilising gentle acceleration for optimal fuel economy; and  
 To explore the potential relationship between driving behaviour and 
fuel consumption. 
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The performance of traffic flow is analysed with the following objectives: 
 To evaluate the effectiveness of the eco-driving strategy at signalised 
intersections in different scenarios;  
 To explore the potential impacts of eco-driving on queue discharge 
performance; and 
 To investigate whether eco-driving would compromise traffic mobility 
or fuel economy. 
The data analysis covers two aspects. For the driving behaviours analysis, the 
study focuses on the driving trajectories and queue discharge characteristics at 
intersections. For the environmental impact analysis, the study mainly explores the 
fuel consumption performance. 
3.3.1 Normal driver and eco-driver throughout experiment 
The total fuel consumption of the vehicles with respect to different experiment 
scenarios is investigated firstly. Table 3.5 provides the summary of the fuel 
consumption performance for each car in the base scenario. As every driver was 
asked to utilise the same vehicle throughout the experiment, the results reflect the 
fuel consumption level of each vehicle in accordance with the same type of driving 
behaviour. The base case involves no controlled eco-driving behaviours; thus it is 
expected to reflect the natural operations of the drivers as their normal driving 
behaviours. For these reasons, the result could be used as a benchmark for before-
and-after eco-driving comparison.  
Table 3.5 Summary of fuel consumption for base scenarios 
              
Car 
ID 
Fuel 
(ml) 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
Average 49.6 53.9 120.7 53.2 53.0 56.9 51.5 97.0 53.7 52.4 58.1 48.4 53.2 70.6 61.5 
Min 47.3 51.7 110.2 48.7 49.8 53.8 48.9 93.3 53.1 48.6 53.7 45.2 49.5 68.4 58.1 
Max 54.1 56.4 133.3 56.3 54.9 60.9 53.7 103.1 54.4 55.9 65.8 51.2 56.0 72.7 68.0 
As seen in table 3.5, different vehicles generated various levels of fuel 
consumption on average, even though the vehicles are with the same model and 
similar working conditions. For the same vehicle, the variation is mainly attributed to 
the different position in the platoon. For different vehicles, the significant fuel 
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consumption difference of vehicle 3 and vehicle 8 is because of the difference in 
vehicle models (refer to table 3.2). For the rest of the vehicles, the difference of both 
driving behaviour and vehicle position caused the variations. 
The fuel consumption performance of the eco-drivers was then studied. Table 
3.6 provides the average fuel consumption of the two eco-drivers before and after 
adopting eco-driving during the entire experiment. It is found that after using eco-
driving, Car 14 reduced its fuel consumption by 2.9%, while Car 15 significantly 
reduced its fuel consumption by 18.7%. Compared to the average fuel performance 
of the other Toyota Vitz, Car 14 consumed relatively more fuel in each run. To 
investigate the reason for these results, driving behaviours and vehicular trajectories 
are studied.  
Table 3.6 Fuel consumption performance of individual driver 
Car ID 
Fuel consumption when 
normal driving 
(ml) 
Fuel consumption 
when eco-driving  
(ml) 
Percentage of 
fuel saving  
(%) 
Car 14 70.6 68.0 2.9% 
Car 15 61.5 50 18.7% 
3.3.2 Normal driver and eco-driver at intersections 
This section gives the analysis of the performance difference between normal 
drivers and eco-drivers at the intersection level. The two eco-drivers’ speed profiles 
throughout the experiment are displayed in figure 3.11, showing the different driving 
behaviours of the two drivers.  By comparison, it is found that the magnitude of the 
driving behaviour change of Car 15 is shown to be stronger than that of Car 14. For 
Car 14, the speed profiles before-and-after adopting eco-driving are close to each 
other at both intersection 1 and intersection 3.  
This result reveals two facts. Firstly, it qualitatively complies with the findings 
in many of the eco-driving studies that eco-driving with gentle acceleration is 
beneficial for fuel economy improvement. According to figure 3.11, the acceleration 
pattern of Car 15 has been modified towards a constant acceleration rate. The 
behaviour changes are expected to contribute to fuel consumption savings as per the 
eco-driving philosophy. On the contrary, Car 14 was not able to make significant 
changes in terms of acceleration operations, thus limiting the fuel economy 
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difference before-and-after adopting eco-driving. Secondly, the result highlights the 
necessity of understanding the before-and-after behaviour difference while assessing 
the impacts of eco-driving. The eco-driving comparison results would be validated 
only if the before-and-after conditions have been clearly verified. 
 
 
 
 
Figure 3.11 Driving speed profiles of Car 14 and Car 15 at intersections 
3.3.3 Effective eco-driver at intersections 
This section discusses the effectiveness of eco-driving behaviours from the 
individual vehicle perspective during queue discharge. According to the discussion in 
section 3.3.1 and 3.3.2, the fuel consumption performance differs in the normal 
driver group and the eco-driver group. In order to find out effective eco-driving that 
is evidently beneficial for saving fuel consumption, the fuel consumption and driving 
profile of a driver is retrieved from the experiment data.  
Figure 3.12 and 3.13 provide the speed profiles and the QD fuel consumption 
performances, respectively. A leading vehicle at the front of the queue is free to 
accelerate after the green light is onset, providing a good representation of 
spontaneous driving behaviours. Figure 3.12 uses all the speed profiles for all the 
leading vehicles in 30 runs. The eco-driving group tends to utilise moderate and 
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constant acceleration to reach their desired speed while the normal driving group 
tends to accelerate more strong than the eco-driving group. The speed profiles are 
categorised into four groups with regard to their driving aggressiveness. The 
deviation of the normal group’s speed profile is relatively larger than that of the eco-
driving group. This is because the normal drivers have no driving instructions, which 
implies that the normal driving group may consist of a complete range of driving 
behaviours, including normal and eco-driving behaviours. 
 
Figure 3.12 Speed profiles of heading vehicles of all runs 
 
Figure 3.13 Fuel consumption performances of all runs 
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According to figure 3.12 and 3.13, the fuel consumption is generally related to 
the driving aggressiveness. With gentle acceleration, the total fuel consumption is 
relatively low. The fuel consumption of the eco-driving group and the normal but 
gentle acceleration group (displayed with green) are close, implying that some 
normal drivers’ behaviours have been similar to eco-driving.  
Figure 3.12 and 3.13 illustrate also that a particular acceleration operation 
rather than constant acceleration could potentially improve the fuel economy. In run 
3, the driver accelerated rapidly in 8s and maintained a lower acceleration than the 
eco-drivers after reaching the speed of 35km/h, resulting in a better fuel economy 
than that of the eco-driver. However, compared to the constant acceleration operation, 
this type of acceleration operation is more difficult for drivers to follow. In addition, 
when a vehicle is following other vehicles in a queue, a very quick acceleration is 
usually not possible for safety concern.  
With the individual performance of the two eco-driving analysed, the 
investigation continues into traffic platoon performance. 
3.3.4 Eco-driving platoon fuel consumption 
Table 3.7 provides the averaged fuel consumption of the entire traffic platoon 
with respect to the number of eco-drivers in the platoon (i.e., one and two eco-drivers 
in the platoon). Compared to the eco-driving impacts on individual vehicles, the 
impacts on the entire traffic platoon are relatively minor, with only 1% and -0.2% for 
1 eco-driver scenario and 2 eco-drivers scenario, respectively. 
Table 3.7 Fuel consumption performance with respect to number of eco-drivers 
 
A paired t-test was performed to determine if the eco-driving was effective 
from the traffic platoon perspective. As shown in table 3.8, each experiment scenario 
group is paired with the base scenario for t-test analysis by assuming the data has 
equal variance (a=0.05). As seen in table 3.8, all the p values are larger than the 
 56 Chapter 3: Experiment study of eco-driving effectiveness during queue discharge 
assumed variance, which means that there is no significant difference between the 
base case and the eco-scenarios. 
Table 3.8 Results of t-test regarding different eco-driving scenario 
 
An explanation for the above result might be the low penetration rates. The 
benefits of fuel consumption savings from the two eco-drivers would not dominate 
the total fuel economy of the traffic platoon. More importantly, one of the two eco-
drivers has been found with limited fuel saving. Under this circumstance, the 
effective penetration rate of eco-driving is even lower.  
The study also explores the fuel consumption performance in each scenario 
group with respect to the positions of the eco-drivers, as shown in figure 3.14. 
Referring to the sequence of experiment runs, a replication of the experiment consists 
of one run for every scenario. It is intended to separately display the fuel 
consumption performance with respect to replication.  
The vehicle conditions and driving behaviours could be regarded as having 
close proximity in the same replication group because the scenarios of different eco-
driver positions were carried out consecutively in a relatively short time period. This 
selection helped to reduce the potential impacts from any changes in driving 
behaviours. Additionally, the temperatures and sunshine were significantly different 
during the three replications groups. As a result, it is expected to have different fuel 
consumption rates because of the use of air-conditioning and to have different 
driving responses due to the brightness of the sunshine. 
The individual average fuel consumption performance of each run group can 
be seen in figure 3.14. According to the plots, however, it is not easy to conclude the 
relationship between eco-driver position and fuel consumption. In many of the cases, 
scenarios with two eco-drivers achieved reduction in fuel consumption, while 
approximately one-third of the replications failed to improve fuel consumption from 
the global point of view.   
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Figure 3.14 Average fuel consumption per vehicle for entire replication in different scenarios 
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The fuel performance for queue discharge procedures at a single intersection 
was also plotted. Figure 3.15 shows the fuel consumption results at intersection 1.  It 
is still hard to find the relationship between eco-driver position and fuel consumption 
performance. The fuel consumption of the 2
nd
 vehicle was found to be more than that 
of the base scenario, while the other scenarios have achieved eco-benefits. 
 
Figure 3.15 Average fuel consumption per vehicle at intersection 1 
3.3.5 Eco-driving platoon mobility performance 
This section investigates how the queue discharges at intersections when it has 
eco-drivers in the platoon. Two queue discharge characteristics, headway and 
saturation discharge time, are assessed to explore the impacts of eco-driving on 
traffic mobility.  
Stop-line Headway Analysis 
Figure 3.16 gives the cumulative headway time at stop-line in different 
scenarios. The cumulative headway gives the total time used by a certain number of 
vehicles to drive through the stop-line. The curves for the base case provide the 
averaged cumulative headway for vehicles in different positions of the queue.  
The cumulative headway time reflects both the time needed for the vehicle in a 
specific position to pass through the stop-line and the potential mobility impacts 
caused by having different driving behaviours. The impacts of eco-driving on 
headway features can be observed in the plots where the eco-drivers increased the 
queue discharge time.  The impacts were brought exactly by the eco-driver at their 
positions in queue. In addition, it shows that the increased discharge times were kept 
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for only a certain range, with 3 to 7 vehicles, as highlighted by dashed circles in 
figure 3.16.  
 
Figure 3.16 Comparison of the cumulative headway time in different scenarios 
Saturation Discharge Analysis 
This section discusses the saturation queue discharge characteristics. Table 3.9 
presents the average fuel consumption performance and the time needed for the 
entire traffic platoon to reach the desired speed in different scenarios. The 
performances are compared to the base scenarios. It is not surprising to observe that 
the full discharge time was increased for all scenarios; this complies with the slow 
acceleration features of eco-driving. In consideration of the impacts of eco-driving 
on traffic mobility and environment benefits, two circumstances were found. The 
first situation is that eco-driving improved fuel economy but the traffic mobility has 
been compromised. The second situation is that eco-driving deteriorated fuel 
consumption performance and the queue discharge performance simultaneously.   
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Table 3.9 Comparison of fuel consumption and full discharge time (i.e. until free flow speed) 
Scenarios 
1st 
Eco 
2nd 
Eco 
5th 
Eco 
10th 
Eco 
1st & 
5th Eco 
1st &10th 
Eco 
2rd & 
5th Eco 
2rd & 
10th 
Eco 
5th & 
10th 
Eco 
Average fuel 
consumption 
(compared to 
base case) 
-0.9% 1.1% -1.6% 2.4% -0.2% -0.8% 3.2% -2.3% -0.5% 
Full 
discharge 
time 
(compared to 
base case) 
3.7% 7.3% 0.6% 2.8% 10.8% 8.5% 9.7% 3.6% 2.4% 
3.3.6 Investigation on main impact factors 
The above investigation reveals that the number of eco-drives, the position of 
eco-drivers, and the saturation queue discharge time are potential impact factors of 
traffic platoon fuel consumption. However, the comparison study has not identified 
the main impact factors in the eco-driving application. The section, therefore, utilises 
principal component analysis (PCA) to further explore the eco-driving performances.  
Invented by Pearson (1901), the PCA method is a mathematical procedure that 
utilises an orthogonal transformation to convert a set of data with possibly correlated 
variables into a set of values of linearly uncorrelated variable.  
The objective of using PCA is to investigate what the key variations are, with 
respect to the driving performances in the field experiment data samples. Table 3.10 
and 3.11 gives an example of the data and the corresponding information for PCA: 
20 samples of variables of the experimental runs. According to the scenarios shown 
in section 3.4, each scenario has three runs, so the PCA involves 60 effective samples 
in total.  
The “fuel consumption” data describes total fuel consumption of the entire 
traffic platoon during queue discharge in average of each vehicle.  The “number of 
eco-driver” data describes the number of eco-drivers involved in each run. The “full 
discharge time” data provides the total time used for all vehicles in the traffic platoon 
to leave the intersection and reach their desired speeds. The “position group’ data 
describes the difference of eco-driving impacts on traffic platoon. According to the 
scenario design, the position group information is categorised and shown in table 
3.11. The “slope information” data is used to distinguish the topography at 
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intersection 1 and intersection 3, where slope 0 means flat terrain and slope 0.1 
means uphill stretch. 
Table 3.10 Variables of driving information during queue discharge 
Sample 
ID 
Fuel consumption 
(ml) 
Number of 
eco-driver 
Full discharge 
time(s) 
Position 
Group 
Slope 
1 20.67466 1 41.71111 1 0 
2 20.47629 1 39.51709 2 0 
3 20.89766 1 39.90112 2 0 
4 20.34527 1 41.95699 2 0 
5 21.18025 1 45.94399 3 0 
6 20.63722 2 46.24015 4 0 
7 20.51814 2 47.87342 4 0 
8 20.00445 2 42.44214 5 0 
9 20.57092 2 39.41419 6 0 
10 20.19217 2 45.07815 6 0 
11 24.5973 1 51.49111 1 0.1 
12 23.42244 1 53.44176 2 0.1 
13 24.99908 1 50.25112 2 0.1 
14 24.26777 1 51.78666 2 0.1 
15 24.41164 1 52.93533 3 0.1 
16 24.50212 2 57.07267 4 0.1 
17 24.3421 2 55.84375 4 0.1 
18 23.72446 2 56.51564 5 0.1 
19 23.67264 2 52.76669 6 0.1 
20 23.23338 2 53.36665 6 0.1 
Table 3.11 Position group regarding eco-driving impacts on traffic platoon  
Item Scenario Impacts on platoon 
Group 
ID 
1 Base case N/A 1 
2 1st ECO 
On the front of platoon 2 3 2nd ECO 
4 5th ECO 
5 10th ECO On the back of platoon 3 
6 1st and 5th ECO 
On the front and middle of platoon with 
close distance to the two eco-drivers 
4 
7 2rd and 5th ECO 
8 5th and 10th ECO On the front and back of platoon with 
close distance to the two eco-drivers 
5 
9 1st and 10th ECO 
On the front and back of platoon 6 
10 2rd and 10th ECO 
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Table 3.12 gives the five principal components with their corresponding 
proportions. PC denotes the principal components. The first three of the principal 
components (PC) dominate 97.8 % of the data variations, indicating the key 
variations in terms of sample features. 
Table 3.12 Principal components and proportions of 20 queue discharge samples 
Item PC(1) PC(2) PC(3) PC(4) PC(5) 
Variance 2.83 1.73 0.33 0.08 0.02 
Proportion 56.5% 34.7% 6.6% 1.7% 0.5% 
Cumulative Proportion 56.5% 91.2% 97.8% 99.5% 100.0% 
Table 3.13 provides the loadings of the three key principal components. As 
highlighted in table 3.13, the variations of the experiment samples are mainly 
contributed by the fuel consumption, full discharge time, position factor, and slope 
information because of their positive and relatively large loading to the principal 
components. Among these variables, slope information could be recognised as 
having a deterministic impact on fuel consumption. That is to say, the larger the 
slope is, the more fuel a vehicle may consume. Consequently, the following study 
focuses on the relationship among fuel consumption, discharge time and position 
factors. 
Table 3.13 Loading to the principal components of the 20 queue discharge samples 
Loadings PC(1) PC(2) PC(3)  
Fuel consumption 0.574 0.146 0.124  
Number of eco-driver 0.054 -0.698 -0.647  
Full discharge time 0.569 -0.105 -0.200  
Position factor 0.035 -0.690 0.720  
Slope 0.585 0.064 0.088  
Figure 3.17 shows the PCA scores of the samples with respect to PC1 and PC2. The 
number of the data label provides the position of the eco-driver in the queue. For 
example, 1&10 means the first and the tenth drivers are eco-drivers and “none” 
means no eco-driver in the platoon. The figure shows that the flat terrain group and 
the uphill group are far from each other along x axis, indicating impact from terrain 
slopes. This complies with the common understanding that slope is a deterministic 
impact factor to vehicular fuel consumption. In addition, the plots reveal that the 
 Chapter 3: Experiment study of eco-driving effectiveness during queue discharge 63 
scenarios with none or one eco-driver have higher PC1 scores on y axis than those 
with two eco-drivers. This indicates that the two eco-driver scenarios provide better 
performance in terms of fuel saving and queue discharge time, implying the benefits 
of having more eco-driving in the traffic platoon. 
 
Figure 3.17 PCA scores of each scenario with respect to PC1 and PC2 
A further analysis is conducted to explore the relationship between the main 
impact factors. The main variables have been reproduced by using only the three 
principal components. The fitted fuel consumption, full discharge time and eco-
driver positions are displayed in figure 3.18.  
  
Figure 3.18 Fitted fuel performance contour (full discharge time and position factors) 
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As displayed in figure 3.18, the data coverage is limited even though the 
principal components have been considered. The coloured area represents the 
relationship among fuel consumption, eco-driving positions and full discharge time 
performance, based on the available data. Compared to the entire map, it can be seen 
that the available information obtained from the Shirosato experiment is far from 
sufficient to provide conclusive answers to the research questions. In other words, 
more scenarios which could cover a wide range of conditions such as different eco-
driving penetration rates are required. 
3.4 DISCUSSION OF THE RESULTS 
Discussion regarding the experiment study covers firstly the experiment 
method for the eco-driving study and secondly the analysis results regarding the 
potential eco-driving impact during queue discharge.  
3.4.1 About the experiment method 
Discussion 1 
It is time consuming and costly to realise the eco-driving assessment from the 
traffic flow point of view. Where the traditional eco-driving experiment tracks only 
the eco-driving vehicle, this test required much more communication to ensure all 
vehicles performed properly during the experiment. Complete control of all the 
vehicles would limit the implement of this method in a large-scale study.  
Discussion 2 
The data collection is within a considerably good range for analysis; however, 
both GPS data and fuel consumption have noise outliers. The match of fuel 
consumption and vehicular trajectories requires relatively high accuracy before the 
relationship between driving behaviour and fuel consumption information could be 
properly connected. This finding complies with the state of the art in the fuel 
consumption and emission estimation field. 
3.4.2 About the experiment result 
Discussion 1 
From the individual vehicle perspective, eco-driving with gentle and constant 
acceleration is found to be beneficial for fuel economy. The experiment has found up 
to 18.7% reduction of the total fuel consumption by using eco-driving. Although 
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there is one eco-driving vehicle that obtained only a small reduction in fuel 
consumption, the driving behaviour assessment indicates that it is mainly because its 
change of behaviour is relatively minor. This also highlights the importance of 
understanding drivers’ compliance with eco-driving behaviour before assessing eco-
driving outcomes. 
For the eco-driving evaluation, it is very important to ensure the benchmark is 
kept well controlled. Take vehicle 14 in the Shirosato experiment as an example: the 
before-and-after driving behaviours are not significant. Therefore, the output 
difference in fuel consumption could not necessarily explain whether eco-driving is 
effective or not.  
Discussion 2 
By assessing the leading vehicle’s performance, a different acceleration profile 
results in different fuel consumption. The initial finding is that strong acceleration 
tends to consume excessive fuel while gentle acceleration keeps fuel consumption 
within a low rate. Meanwhile, it is also found that there are different approaches for 
achieving the optimal fuel consumption during the queue discharge procedure. 
This discussion is about the type of eco-driving that could bring benefits for 
drivers. The speed profile or driving trajectory has a significant impact on the fuel 
consumption performance. It is interesting that the actual “eco-driving” trajectory is 
not unique in the experiment. Not only the real eco-driver achieved ecological 
driving; some of the normal drivers did also. It is believed that most of the normal-
ecological drivers used eco-driving unconsciously and undisturbed by other factors.  
Considering implementation, eco-driving according to the gentle acceleration 
rule is easy to adopt, while the other approach, such as rapid acceleration for quick 
discharge, is hard to define in terms of either acceleration rate or driving 
aggressiveness. Rapid accelerations involve high risk to consume excessive fuel like 
a sportive driving. Also, rapid acceleration at the beginning period of start-up has 
relatively poor user comforts. 
Discussion 3 
The performance of the entire traffic platoon is explored with respect to fuel 
consumption and queue discharge. Neither one-eco scenarios nor two-eco scenarios 
has been found to have a significant difference in fuel consumption from the entire 
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platoon’s perspective. Furthermore, the comparison between the various scenarios 
with respect to the position of eco-driver in the platoon reveals no clear clue to 
describe the relationship between the positions of eco-drivers in the platoon and the 
total fuel consumption of the platoon.  
In addition, analysis on queue discharge features reveals that the headway at 
the stop line has been compromised by introducing eco-driving. In this experiment, 
the actual queue discharge performance (throughput) has not been compromised 
because the demand is below the intersection capacity. In fact, despite the actual 
queue discharge performance (throughput) not being compromised, the impacts of 
eco-driving on headway should not be overlooked.  
Discussion 4 
This finding is potentially related to the art of signal design. With a potentially 
large proportion of eco-drivers in the platoon, the discharge capacity would be 
compromised.  
This could raise the necessity to reassess and design the traffic signal timing 
plans because the traditional capacity estimation methods (e.g., HCM) have not 
highlighted the impacts from the eco-driving. 
Discussion 5 
Based on the performance of the entire traffic flow, the fuel consumption 
performance and queue discharge performance have not clearly explained the 
impacts of eco-driving. There is no significant difference in fuel economy when the 
time for completed queue discharge is increased in most scenarios. In addition, the 
principal component analysis in section 3.3.6 indicates the limitations of the field 
experiment for finding major impact factors. 
The normal driver’s fuel economy has not been controlled in the experiment. 
This leads to the difficulty in the before-and-after comparison for the entire platoon 
analysis. For example, as long as the normal driver’s fuel economy stands within the 
efficient range as shown in figure 3.12, the impacts caused by eco-driving would be 
insignificant.  
In order to statistically reflect eco-driving impacts, more scenarios and runs are 
required. These include many of the impacts factors, such as position of eco-drivers 
and combinations of driving behaviours in a traffic platoon. More importantly, the 
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number of vehicles in the queuing platoon should not be neglected. The Shirosato 
experiment explored only a traffic platoon with 15 vehicles, whereas different 
demands are of interest in the next stage of study. 
3.5 SUMMARY 
This chapter introduced an eco-driving field experiment which was conducted 
in Shirosato, Japan. Study of the experiment data is mainly based on before-and-after 
comparison.  
The data analysis revealed potential impacts of eco-driving on queue discharge. 
However, due to the limitation of the number of experiment runs as well as the 
experiment design, it is hard to quantitate the impacts. Therefore, a more detailed 
analysis on the relationship between driving operations and fuel consumption is 
necessary. In the next chapter, detailed investigation of the experiment data provides 
the insight into eco-driving behaviour and fuel consumption patterns from the 
microscopic point of view. 
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Chapter 4: Experiment study of queue 
discharge and fuel consumption 
characteristics 
This chapter gives further investigation into driving behaviour features and fuel 
consumption patterns based on the field experiment introduced in chapter 3. Firstly, 
fuel consumption performance and patterns regarding different driving stages are 
studied. The understanding of the fuel consumption patterns provides ideas on how 
eco-driving gives a different fuel performance. In addition, four stages of fuel 
consumption patterns have been studied by using regression models. The four-stage 
fuel consumption pattern is the underlying fuel estimation component for the traffic 
simulation study. 
Queue discharge behaviours have also been investigated in this chapter. The 
start-up responses and acceleration operations at signalised intersections are studied 
to find a proper description of queue discharge behaviours. This investigation on 
queue discharge behaviours raises the necessity of developing a new behaviour 
driving simulation model.  
This chapter aims to find the driving behaviour characteristics and the fuel 
consumption patterns for simulation test-bed development. The chapter ends with a 
short summary. 
4.1 FUEL CONSUMPTION INVESTIGATION 
The fuel consumption investigation provides details of the eco-driving fuel 
consumption performance. Instead of focusing on aggregated fuel consumption, this 
section studies the fuel consumption rate with respect to a variety of driving 
behaviours and operations. The analysis utilises the Shirosato eco-driving experiment 
data introduced in chapter 3. 
4.1.1 Normal and eco fuel consumption profile 
Figure 4.1 provides the instant fuel consumption distribution in time during the 
acceleration period of a vehicle (Car 15). Five fuel consumption profiles, including 
normal driving and eco-driving scenarios, are plotted and compared in the figure. 
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According to the scenario design, the five profiles are collected from the same 
vehicle (Car 15) with the same driver, who is proficient in driving. The instant fuel 
consumption is plotted from the time of start-up to the time when the vehicle arrives 
200 meters after the stop-line. 
As shown in figure 4.1, the normal driving behaviour consumed a significantly 
higher energy rate than the eco-driving behaviour during the starting phase (about 0-
10 seconds after start-up). 
Meanwhile, eco runs performed at relatively level instant fuel consumption 
rates along the acceleration period, with approximately 0.5 ml/second. As there are 
different speeds in different runs, the time to reach the 200-meter destination varies, 
as indicated by the dots at the end of the fuel consumption profile in figure 4.1.  
 
Figure 4.1 Instant fuel consumption in time under normal driving condition 
Figure 4.2 displays the instant fuel consumption distributions in distance after 
start-up. As the test vehicle is located in the 6th position in the queue, the fuel 
consumption records start at around 40 meters before the stop-line when the vehicle 
begins to move.  
The fuel distribution plots reveal a high consumption rate for normal driving in 
the initial 50 meters after start-up. This finding indicates that the area near the 
intersection, before the stop-line, is a critical place for both fuel consumption and 
vehicular emissions. 
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Figure 4.2 Fuel consumption distributions in distance at intersection 
However, figure 4.1 and figure 4.2 have not explained the total fuel 
consumption at the intersection. Figure 4.3 shows the cumulative fuel consumption 
of the normal driver and the eco-driver in distance during the queue discharge 
procedure.  
 
Figure 4.3 Cumulative fuel consumption in distance 
The cumulative diagram indicates that the total fuel consumption performance 
relates closely to the driving behaviours (i.e. acceleration operations when starting).  
As shown in figure 4.3, the fuel consumption of normal driving behaviour 
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overweighs that of eco-driving behaviour throughout the entire acceleration 
procedure. The difference of cumulative fuel consumption (ΔFe-n) keeps increasing 
from starting until reaching around 50 meters after the stop-line. This stage implies 
that eco-driving is beneficial for fuel economy because of the changes of acceleration 
operations.  
The differences of cumulative fuel consumption, ΔFe-n, remain stable with 
minor variation until arrival at 200 meters after the stop-line.  In this stage, the 
vehicles are completing acceleration operations and approaching their desired speeds. 
Consequently, there is no significant difference in fuel consumption rates. 
The above investigation, based on figure 4.1, figure 4.2 and figure 4.3, implies 
the following information: 
 For the instant fuel consumption performance, the normal driver 
produced an excessive high instant rate, which also implies a high 
emission problem (e.g. high CO2 density near intersections), while the 
eco-driver was able to keep a steady fuel consumption rate along the 
entire queue discharge procedure. 
 For the total fuel consumption performance during queue discharge, not 
only the magnitude of acceleration but also the time used for 
acceleration was found to finally determine the effectiveness of eco-
driving. The analysis of the Shirosato experiment data indicates success 
in providing better fuel economy than in normal driving. 
4.1.2 Four-stage fuel consumption analysis 
To further explore the relationship between acceleration operations and fuel 
consumption, the driving operations are categorised into four stages: idling, 
acceleration, cruising and braking. 
As per Newton’s second law, instantaneous fuel consumption is determined by 
aspects such as the vehicle mass, drag coefficient, rolling resistance, frontal area, 
acceleration, speed, transmission efficiency and grade. For this study, interest in the 
physical impact factors, such as rolling resistance, vehicle mass and transmission 
efficiency, is reduced in order to concentrate the scope on checking the impacts of 
acceleration and velocity only. In other words, it is reasonable to assume that the 
vehicles that involved in the experiment are under similar conditions and operating 
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environment, regardless of the physical impacts such as differences in total vehicle 
mass.  
The following analysis utilises the data from Toyota Vitz (Yaris) in the 
Shirosato experiment for fuel consumption investigation. The fuel consumption of 
the other two models (i.e., Toyota Estima and Honda Freed) is not considered for 
analysis, due to its small penetration rates in the experimental traffic platoon.  
It should also be noted that the fuel consumption study is based on empirical 
analysis describing the relationship between driving operations and fuel consumption, 
rather than on the physical description of the fuel consumption from the vehicle 
engine. Consequently, a precise fuel consumption model for inventory analysis is not 
followed in this study. 
Twenty sets of the Shirosato experiment trajectory and fuel consumption data 
(i.e., run 1 to run 20) are used to find the potential relationship between fuel 
consumption and driving operations. The other 10 sets of experiment data (i.e., run 
21 to run 30) are used to examine the fitness of the description. 
Idling period 
When vehicles are idling before the stop-line, the vehicle throttle is not 
supposed to be touched. As a result, a small and steady fuel consumption rate is 
expected during idling. 
Based on the instant fuel consumption data of the 30 runs collected from Vitz, 
the average idling fuel consumption rate is 0.1484 ml, with a standard deviation of 
0.0279 ml. 
Therefore, the fuel consumption rate during idling could be regarded as 
constant, as given in the following equation: 
   ∑                            
Where 
   is the total fuel during idling; 
   is the fuel consumption rate coefficient during idling; 
   is the error term; and 
t is the time interval, here t is given by 1 second.  
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Cruising period 
According to Akcelik (1982), the fuel consumption rate during cruising period 
is mainly determined by the actual cruising speeds. Figure 4.4 is the fuel 
consumption curve retrieved from the experiment data for all the Toyota Vitz at 
different cruising speeds. In this study, the cruising status is denoted as having 
driving conditions where the acceleration is less than 0.25 m/s2 and the deceleration 
is more than -0.25m/s2. Consequently, the list of fuel consumption rates is 
summarised in table 4.1. 
 
Figure 4.4 Fuel consumption of Toyota Vitz (Yaris) during cruising period 
Table 4.1 Summary of fuel consumption during cruising speed 
Cruising speed 
(km/h) 
(40,42) (42,44) (44,46) (46, 48) (48,50) (50,52) (52,54) 
Fuel consumption 
rate (ml/s) 
0.4780 0.3955 0.3557 0.3164 0.2975 0.3088 0.2949 
Braking operation: 
While applying braking pedals, the throttle is supposed to be released. As a 
result, the fuel consumption rate would be low. According to the braking information, 
the average fuel consumption rate is 0.1996 ml/second with a standard deviation of 
0.083 ml. Similar to the idling fuel consumption, a simple equation is given: 
   ∑                                       
Where 
   is the total fuel consumption during braking; 
            is fuel consumption rate coefficient for braking; 
            is the error term; and 
t is the time interval, in this study t is 1 second. 
y = -0.0156x + 0.4756 
R² = 0.8616 
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Acceleration:   
Acceleration is the major contributor of fuel consumption during the queue 
discharge procedure. The literature reveals that the instance fuel consumption is 
proportional to the product of instance acceleration and velocity (Liao and 
Machemehl, 1998) and the equation is given as follows: 
                                      
Where 
fa is the instant fuel consumption rate at time t; 
c1 and c2 are the coefficients; 
a(t) is the instantaneous acceleration at time t; and 
v(t) is the instantaneous velocity at time t. 
Initially, the acceleration data from all vehicles are used for fitting. However, it 
is found that the goodness of fit is unsatisfactory, with R
2
 lower than 0.5 for all the 
vehicles. The study found that only the fuel consumption data of vehicle 14 fitted 
equation 4-3 well during the acceleration period. The regression of the fuel data, 
shown in figure 4.5, is R
2
 = 0.9635. The coefficients define as c1= 0.1112 and c2= 
0.3957. 
 
Figure 4.5 Regression of acceleration fuel consumption profile of vehicle 14 
It is believed that the failure to fit vehicles other than vehicle 14 is caused by 
the velocity and acceleration accuracy obtained in the experiment. Car 14 utilises a 
precise speed and acceleration detector for trajectory tracking; the trajectory data and 
the instance fuel consumption data are well matched in time stamp. The speed data 
from the other vehicles mainly replies on the GPS dataset, which potentially involves 
noises and errors during data collecting. 
y = 0.1112x + 0.3957 
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The four stages of the driving operation during queue discharge have the 
following features: 
 Idling period contributes the smallest fuel consumption rate and the rate is 
approximately constant; 
 Acceleration contributes a great fuel consumption rate while the instant fuel 
consumption rate is highly related to the instant acceleration rate and velocity; 
 Braking contributes relatively small fuel consumption rate, which is 
approximately constant; 
 Cruising contributes a relatively steady fuel consumption rate with respect to 
the cruising speed. 
The understanding of the fuel consumption feature under different operations is 
useful to further understand the relationship between driving behaviours and fuel 
consumption. 
Discharge procedure 
A complete queue discharge procedure is selected to validate and check the 
suitability of the four-stage fuel consumption performance summarised in the 
previous part.  
The Mean Absolute Percentage Error (MAPE) and Root Mean Square Error 
(RMSE) index are used to measure the goodness of estimation at every estimation 
instance. The definition and equation of MAPE and RMSE are given as: 
     
 
 
∑|
                        
           
|
 
                                
     √
 
 
∑                         
 
                                         
Where 
MAPE represents the degree of closeness (i.e. accuracy) to the observed data, in 
percentage; 
RMSE represents the degree of variance (i.e. stability) to the observed data, in 
veh; and  
n is the total number of estimations.  
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In table 4.2, the comparison between the observed and estimated fuel 
consumptions is provided. The results show reasonably good fitness for the Toyota 
Vitz, with respect to the total fuel consumption during the queue discharge procedure. 
The MAPE for all the estimation is 8.15%, the RMSE is 1.85 ml. 
Table 4.2 Fuel consumption Estimation on Run 21 during queue discharge 
Car ID 1 2 4 5 6 7 9 10 11 12 13 15 
Observed 
(ml) 
15.81 16.53 16.87 15.77 19.35 18.74 18.56 18.42 18.51 19.86 20.97 16.47 
Estimated 
(ml) 
15.8 14.78 15.70 16.31 15.53 16.48 17.19 18.01 18.55 19.32 20.91 19.24 
Summary:  MAPE=8.15% RMSE=1.84 ml 
Figure 4.6 displays an example of the instant fuel consumption estimation 
based on vehicular trajectory with comparison to the observations.  
 
Figure 4.6 Observed fuel consumption and estimation after green light is on 
0
10
20
30
40
50
60
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1 2 3 4 5 6 7 8 9 101112131415161718192021222324252627
Sp
ee
d
 (
km
/h
) 
In
st
an
t 
fu
el
 c
o
n
su
m
p
ti
o
n
  
(m
l/
s)
 
Time after green light is onset (s) 
Observed fuel consumption Prediction fuel consumption
Observed speed
 78 Chapter 4: Experiment study of queue discharge and fuel consumption characteristics 
4.1.3 Ecological acceleration operations 
This section provides discussion on the ecological acceleration operations 
using the fuel consumption four-state pattern. The total acceleration fuel 
consumption could be described in the following equation for a certain distance: 
                                               
By substituting the four-stage fuel consumption equations, the fuel 
consumption equation could be presented as: 
         ∑                    
    
 
  ∑            
    
 
               
Where 
Ti represents the total time for idling (second); 
     represents the total time for acceleration (second); 
     denotes the time instance for acceleration operation; 
     denotes the time instance for cruising; and 
   represents the total time for braking. 
For the queue discharge procedure, in considering an ideal condition where no 
braking and idling is applied, the queue discharge displacement equation could be 
given as follows: 
    ∑           
 
 
       
    
 
                           
The difference between normal QD and Eco QD is illustrated as follows: 
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Assuming the same vehicle, fi, fcru, c1 and c2 are expected to be a constant value. 
As the fuel consumption assessment looks into the fuel efficiency for the same 
distance at queue discharge procedure, according to equation 4-9, the fuel 
consumption performance of a free acceleration vehicle would potentially be 
impacted by the following factors: 
 Time for idling; 
 Cumulative acceleration rates; 
 C1 and C2; and 
 Time for braking. 
In reality the acceleration operation for the queue discharging vehicles is more 
complicated than for a free accelerating vehicle. Figure 4.7 gives an example of the 
acceleration profile for queue discharge. It implies that the real acceleration would 
not precisely match certain acceleration profiles, as in free acceleration, which 
complies with the nature of drivers’ behaviour as well as with the complex driving 
condition in traffic queues.  
Under this situation, managing the acceleration with a steady and relatively low 
range would have great potential to reduce the fluctuation of the acceleration 
operation, thereby improving fuel economy. 
 
Figure 4.7 Real acceleration profile of a vehicle   
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4.2 QUEUE DISCHARGE BEHAVIOUR INVESTIGATION 
According to the discussion in section 3.4.2, the experiment has not found any 
capacity reduction along the corridor. This is because either the degree of saturation 
stands low to medium or the eco-driver penetrations rate is relatively low. However, 
the queue discharge characteristic, such as headway distribution, implies the 
potential impacts that cannot be neglected for comprehensive eco-driving study.  
This section therefore looks into how eco-driving behaviour affects the traffic 
flow characteristics. The interactions between eco-drivers and normal drivers are 
studied. The following sections provide the driving behaviour features for the start-
up response and the acceleration operations, based on the Shirosato experiment. 
4.2.1 The start-up response before the stop line 
As per the discussion in section 2.3, the start-up response before the stop line is 
a critical feature in describing the queue discharge manoeuvre.  
The start-up response is denoted as: 
                                (4-10) 
Where 
rs is the start-up response; 
tps is the time instance that the preceding vehicle start to move; and 
tfs is the time instance that the following vehicle start to move. 
Note that for the first vehicle in a queue, rs is calculated as equivalent to a 
response to the green light.  
Start-up Response Distribution 
Firstly, the start-up response data from the Shirosato Eco-driving experiment is 
studied. The distribution of start-up response is assessed at intersection 1 and 
intersection 3, independently.  
At Intersection 1, the total effective sample size is 380. The mean response 
time is found to be 1.78 second, with a standard deviation of 1.366. The minimum 
response is -2 seconds, and the maximum is 9 seconds. At Intersection 3, the total 
effective sample size is 372.  The mean response time at intersection 3 is 1.85 
seconds, with a standard deviation of 1.251. The minimum response is -1 second and 
 Chapter 4: Experiment study of queue discharge and fuel consumption characteristics 81 
the maximum is 7 seconds. The negative response means that a vehicle start to move 
earlier than its proceeding vehicle. 
Sensitivity to Driving Behaviour 
It is expected that the change of driving behaviours would potentially modify 
the response time characters. At Intersection 1, the normal driver’s average response 
time is 1.87 second, while the eco-driver’s average response time is 2.45 second. The 
distribution of response times displayed in figure 4.8 shows that the eco-driver’s 
response time is relatively longer than that of the normal driver.  
 
Figure 4.8 The response time distribution of normal driving and eco-driving 
The impact factors are assessed with regard to the clearance distance between 
the preceding vehicle and the following vehicle. The notion of “start-up clearance” 
used in the study describes the clearance distance between the preceding vehicle and 
the following vehicle at the time of start-up of the following vehicle. Figure 4.9 gives 
the distribution of start-up clearance for eco-driving and normal driving. It is found 
that the start-up clearance of eco-driving has dominated the range of 6m~8m, while 
the distribution for normal driving is relatively even.  
 
Figure 4.9 The start-up response distribution with regard to clearance distance 
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These results imply two factors. Firstly, it is found that driving behaviour 
changes would affect the start-up response of queue vehicles, which again raises the 
necessity to explore the corresponding impacts. Secondly, the driving response is 
highly related to the start-up clearance distance for a certain driving behaviour. In 
Particular, from a driver’s perception perspective, the distance between the follower 
and the proceeding vehicle would be useful information for the follower to make the 
start-up decision; in the traditional car following study, it is always given in the 
quantity of time in second.  
In order to build the span between driving behaviours and start-up responses, 
the start-up acceleration is also analysed. The start-up acceleration refers to the 
magnitude of acceleration when the vehicle starts to move.  
Figure 4.10 provides the start-up acceleration with respect to the start-up 
response distance. Two regimes have been found in the figure according to those 
start-up acceleration rates. When the response distance is short, start-up acceleration 
increases with the growth of start-response distance until reaching the moderate 
acceleration rate of about 1.25m/s
2
, as shown in the left part of figure 4.10. This 
regime reflects the drivers’ conception for start-up operations. Operations in this 
regime are constrained not only by the driving behaviour but also by the clearance 
distance. If a driver starts to move when the clearance distance is still short, the start-
up acceleration would be restricted and be kept at a low rate. With the increasing 
start response distance, the tolerance for a high acceleration rate would be increased. 
The second regime reflects a different start-up status in which restriction from the 
preceding vehicle is minor as the clearance distance is large. In this situation, a driver 
would have more chance for strong acceleration.  
 
Figure 4.10 The start response distribution with regard to clearance distance 
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4.2.2 The acceleration behaviours 
The queue discharge performance is also determined by the acceleration 
operations towards the desired speed to their driving intentions and the traffic 
conditions. 
The literature includes much description of the driver’s acceleration operations. 
However, little research was found about the impacts of the traffic condition, 
especially for traffic including eco-driving. Qian and Chung (2011) looked into the 
interaction between all drivers in the platoon. Eco-driving would affect not only the 
eco users but also the other drivers in the traffic flow because the vehicles and 
drivers are interactive. As shown in figure 4.11, assuming two typical driving styles 
on the road (i.e., normal driving and eco-driving), the actual operations could be 
categorised into four groups in terms of the driving behaviour of the proceeding 
driver and the driving behaviour. Consequently, this provides motivation to 
investigate the acceleration behaviour in the traffic flow. 
  
Figure 4.11 Interactions between drivers with respect to driving behaviours 
According to the driver’s behaviour, a driver receives the on-road information 
and interprets the corresponding information for operations. Rather than using the 
traditional queue discharge analysis approach that focuses on the traffic flow 
characteristics, the study carries out an investigation to see drivers’ responses and 
operations during the queue discharge procedure, with following motivations: 
 To explore how drivers inter-react with each other in traffic platoon during 
queue discharge procedure; and 
 To describe driving operations (i.e. acceleration) from human being’s 
perspective. 
Driving behaviours of leading vehicles (the first vehicle in queue) and queuing 
vehicles are explored separately: they are leading vehicles and following vehicle 
regarding their position in the queue. 
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Acceleration Distribution of Leading Vehicles 
Figure 4.12 describes the acclerations rates of leading vehicles in platoon of the 
Shirosato experiment. It shows that drivers tend to acclerate strongly to leave the 
intersection. The acceleration rates are proportionaly reduced when they are away 
from the stop-line. The result indicates the natural behaviour of a free vehicle: the 
leading vehicle could acceleration smoothly and freely towards its desired speeds. 
 
Figure 4.12 Acceleration distributions after stop line 
Acceleration distribution of the following vehicle 
Following vehicles in queue perform different acceleration rates from those 
outlined for leading vehicles. As shown in figure 4.13, there are “hesitations” for 
start-up accelerations. Vehicles did not accelerate directly at a high rate but chose a 
low or medium acceleration at the beginning of start-up. Additionally, the variations 
of acceleration along the distance are higher than those of the leading vehicles, which 
used more decelerations.  
 
Figure 4.13 Acceleration distribution of the 8
th
 vehicle in queue 
The movement of the following vehicles are different from that of the leading 
vehicles because the preceding vehicle’s movement would affect the driving 
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operations. Their movements are more complicated, involving the interaction 
between preceding vehicles and following vehicles. Thus, not only the driving 
behaviour of the follower but also the queue discharge characteristics of the 
preceding vehicle determine the following vehicles. 
The state of the art in queue discharge studies has indicated that the interaction 
between a preceding vehicle and the following vehicles is highly determined by the 
stimulus and responses with respect to the driving conditions as well as by the 
corresponding driving behaviours. The driving condition factors include distance 
between vehicles, and relative speed etc. The driving behavioural factors include the 
magnitude of acceleration, the responses to the change of condition and so on. 
Here, the distance between a preceding vehicle and a following vehicle, 
denoted as CL, is investigated. Figure 4.14 provides the relationship between 
clearance distance and acceleration rate at the two intersections. 
  
Figure 4.14 Relationship between clearance distance and acceleration rates 
The general trend is that acceleration keeps increasing with the opening of a 
clearance distance between the follower and the leader.  The acceleration rates 
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reduce to around 0 m/s
2
 until the desired speeds have been achieved. However, the 
quantitative relationship between clearance distance and acceleration is not found in 
the plots. Firstly, as shown figure 4.14, the instance acceleration rates do not 
smoothly follow a particular pattern during the queue discharge, but the clearance 
distance maintained a clear increasing pattern. Secondly, the abstract value of the 
clearance distance when the desired speed is arrived at is quite different during 
different queue discharge procedure. Because of these reasons, it could be concluded 
that this set of data does not reflect direct relationships between clearance distance 
and acceleration rates. 
In order to have a better understanding of the relationship between the 
magnitude of acceleration and the CL, the study plots figure 4.15.  
 
Figure 4.15 Acceleration and changes of Clearance at Int 1 and Int 3 
Comparing figure 4.14 and figure 4.15 shows that the plots of acceleration to 
difference of clearance (DCL) provide more straightforward information that the 
magnitude of acceleration operations is relatively proportional to the DCL.  In 
circumstances where DCl is high, the acceleration tends to approach the maximum 
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acceleration, approximately 1.9 m/s
2
. In the situation where DCL is low, the 
acceleration is also low, around 1 in figure 4.15. These findings indicate that the 
DCL is potentially a major impact factors for vehicle acceleration behaviour at the 
queue discharge period.  
Figure 4.16 provides the trajectory of difference of acceleration (i.e. jerk) 
(m/s
3
) to DCL.  The trajectory describes the acceleration operation/decision making 
of a driver at an intersection. At the very beginning, DCL increases as the preceding 
vehicle starts to move. When the follower’s speed catches up to the preceding 
vehicle’s speed, the DCL will reduce. The reduced DCL indicates that the distance 
between the two vehicles is becoming stable. Under this situation, a driver would 
make the driving operations with less fluctuation because the catch-up task has 
almost been completed. Then, the acceleration changes would remain around 0 m/s2 
as fine-tuning, with the response to the driving conditions. Eventually, both DCL and 
DAcc tend to go back to the zero point, indicating the completion of queue 
discharge.  
 
Figure 4.16 Dacc and DCL during discharge in time. 
It should be noted that the DCL (m/s) is utilised as a distance metrics. In fact, it 
could also be used a speed measurement which describes the difference between the 
preceding vehicle and the following vehicle. The intention to use it as a distance 
measurement is because of the human perception of queue discharge procedure. 
Distance is normally a straight perception to drivers because people judge the speed 
based on the movements. Based on general knowledge, most people are able to tell 
approximately the distance but not the speed measurement in real world. 
Consequently, using the term of difference of clearance (DCL) makes it easy for a 
reader to understand the description and modelling of queue discharge. 
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4.3 SUMMARY  
This chapter has studied the eco-driving performance of the traffic platoon 
based on the field experiment. The recorded trajectory data and fuel consumption 
data were investigated to understand how eco-driving behaviours could affect the 
performance of traffic flow. The comparative assessment was conducted for fuel 
consumption and queue discharge features. Several findings need to be highlighted:  
Eco-driving is an effective way to reduce individual fuel consumption, with the 
maximum of 18.7% reduction in the experiment. In addition, the magnitude of 
driving behaviour changes also affects the evaluated fuel economy.  
However, the fuel consumption benefit of eco-driving for the traffic platoon 
was not promising over all the replications. In some circumstance, the fuel 
consumption was even increased after having eco-driving. The experiment study has 
not revealed any evident relationship between fuel consumption performance and 
adoption of eco-driving, for the following experiment limitations: 
 The experiment sample is relatively limited due to the budget; 
 The penetration rates of eco-driving are low in the platoon; and 
 The impacts from the eco-driving position are not well represented 
because of the limited runs. 
It should be noted that the experiment study could not come to a conclusive 
finding in terms of the impact of eco-driving on the entire traffic flow for these main 
reasons: 
 Only a small penetration rate has been run in the experiment; 
 The trajectory data obtained in this study involve a certain amount of 
noise because of the GPS accuracy, particular of the offset problem; 
this means that the tendency of the traffic trajectories is towards 
confidence with good credibility. However, based on the interpolation, 
the relationship between fuel consumption and speed and acceleration 
might not be described well; and 
 The total samples of the runs are 30, with 3 for each scenario. It seems 
the sample size is too small to display statistical features of eco-driving 
impacts.  
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 These limitations motivate further work to investigate comprehensive eco-
driving impacts. The work starts from the investigation of individual fuel 
consumption. By exploring the performance of individual vehicles during the queue 
discharge procedure, the question of how eco-driving benefits the total fuel 
consumption is assessed. At the meantime, the driving behaviours in the platoon 
were examined. The retrieved driving behaviour information is expected to illustrate 
the interaction between drivers at queue discharge procedures. The investigation 
revealed the following findings: 
 Fuel consumption during queue discharge could be categorised into 
four stages, which complies with the start of the art in fuel consumption 
estimation; 
 It is confirmed that the acceleration operation would significantly affect 
the fuel economy; 
 For queue discharge behaviours, it is found that the start-up response is 
highly related to the stop-distance as well as to the initial acceleration 
rates; 
 By comparison between eco-drivers’ and normal driver’s start-up 
responses, response distance and initial acceleration rates, it is found 
that the start-up response is related to the driver’s perception based on 
the comparison of available distance ahead and operational speeds for 
start-up; 
 The analysis on acceleration procedures indicated that the acceleration 
is stimulated by the clearance distance between a follower and a leader 
in time. Specifically, the changes of clearance provide more potential to 
quantify the relationships; and 
 The queue discharge assessment reveals that eco-driving with gentle 
acceleration compromised the queue discharge mobility.  
The findings would potentially affect the approaches of eco-driving studies. In 
particular, they raised the necessity for evaluating eco-driving impacts from the 
traffic flow perspective because the negative impact on the traffic platoon had been 
spotted in the field experiment.  
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Chapter 5: Simulation test-bed development 
Although the Shirosato eco-driving experiment has revealed the eco-driving 
impacts on traffic flow performance, such as the affected headway distribution and 
the difference between fuel consumption performance for normal drivers and eco-
drivers, the experiment results are insufficient to come to conclusive findings due to 
the limited number of scenarios and runs in the field experiment.  
To comply with the research objectives for a clear understanding of eco-
driving impacts, therefore, a simulation test-bed, with flexibility for scenarios 
reproduction, is developed.    
This chapter provides the details of the construction of the simulation test-bed.. 
Firstly, a newly-developed queue discharge (QD) model is introduced. The QD 
model provides the fundamental driving trajectories according to the field-observed 
driving behaviours and corresponding driving operations. The QD model features 
good credibility for environment assessment, especially for queue discharge period at 
signalised intersections. Based on the QD model, an environment component is 
introduced for fuel consumption assessment. Figure 5.1 gives the framework of the 
eco-driving simulation test-bed, which consists of a driving behaviour model and the 
environment assessment module. Both of the traffic and driving behaviour 
component and the environment component are validated and discussed in this 
chapter.  
 
Figure 5.1 Framework of the eco-driving simulation test-bed 
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5.1 THE QUEUE DISCHARGE SIMULUATION 
The development of the behavioural queue discharge model is outlined in this 
section. The traffic and driving behaviour component aims to provide realistic 
driving operations, including consideration of two different driving behaviours, 
normal driving and eco-driving. 
5.1.1 Motivation 
As per the discussion in chapter 2, queue discharge characteristics are 
important for intersection performance assessment. In particular, the queue discharge 
rates and speeds are usually utilised for capacity analysis. Akçelik and Besley (2002) 
developed an exponential empirical model which makes it possible to derive 
relationships between a complete set of the conventional traffic parameters and the 
queue discharge characteristics. In this model, individual vehicle spacing, discharge 
speeds and vehicle accelerations are successfully connected with traffic flow 
characteristics such as traffic densities and discharge flow rates. However, this type 
of model cannot be used to describe the heterogeneity of driving behaviour due to the 
macroscopic nature of the model. 
Two microscopic features are of crucial important for the description of queue 
discharge behaviours: the diversity of the start-up response and the heterogeneity in 
the car following behaviour at discharging. 
Start response in microscopic modelling 
The start response is an important impact factor on the headway distribution at 
the stop-line and the intersection capacity. Slow response for start-up would reduce 
the efficiency of the assigned green time at intersections.  
The response times are normally given by the form of a particular distribution 
in most microscopic car following philosophies. However, the lack of a sophisticated 
explanation about the relationship between response time and driving behaviour is 
either because of the lack of response data for model calibration or because the 
relationship between response time and potential impacts factors has not been 
conclusive.  
Most of the car following models control a driver’s longitudinal driving 
behaviour according to the following mathematical description: 
 Chapter 6: Simulation test-bed development 93 
                                                               (5-1) 
          
Where 
   is the follower’s driving behaviour at time t; 
     is the leader’s driving behaviour at time (t-1); 
  denotes a specific car following philosophy; and 
  is the error term. 
This design regulates the follower’s behaviour as a “reactive” approach. That is 
to say a driver will decide to move the vehicle in accordance with the traffic 
condition changes only. When using a car following philosophy for queue discharge, 
a following vehicle would not be able to accelerate until the preceding vehicle starts 
to move. This form of start-up response simplifies part of the start-up situations when 
compared to real start-up response maneuver. For example, after the green traffic 
light is onset, a following vehicle with a fast response may move immediately in a 
traffic queue if there is sufficient space ahead, while its leaders remain at a standstill. 
This phenomenon has been frequently noted in the Peachtree St traffic trajectory 
dataset from the “Next Generation Community Program” (NGSIM Community, 
2012). Figure 5.2 illustrates an example of the quick response. The third vehicle in 
queue started to move before the second vehicle started to accelerate.  
 
Figure 5.2: Quick response of a following driver 
Figure 5.2 also indicates that the response times of individual vehicles are 
varied in a real queue discharge situation. However, many of the car following 
applications tend to use response time that follows certain distribution without 
specification to any driving behaviours (i.e. conservative driving, normal driving and 
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sportive driving), leaving the impacts from driving behaviour as a blank. For an eco-
follower who adopts gentle acceleration, the possibility of a relatively quick response 
might be increased. A driver with soft acceleration may be well aware of the slowly-
moving features of his behaviour and consider fewer constraints from his leading 
vehicle. On the contrary, a sportive driver would accept a relatively large response 
time, used to wait for the leader to move until there is a certain safe distance for a 
strong acceleration.  
Driving operations in car following modelling 
An eco-driver who drives slowly would potentially impede the queue 
discharging. It is not easy for a following driver to predict the behaviour difference 
of the preceding driver who is an eco-driver. The car following response is also 
different from the following responses of heavy vehicles such as bus or trucks. When 
following heavy vehicles, a driver may be able to perceive the slowness of the 
preceding vehicle, therefore catching up cautiously with little fluctuation in 
interpreting traffic conditions. But when following an eco-driver, a driver would 
have no knowledge about the driving style of the preceding vehicle, so the 
interactions between the preceding vehicle and the following vehicle are active. 
Up to date, the state of the art in microscopic queue discharge modelling relies 
on car following (CF) philosophy. A traditional CF model predicts a vehicle’s 
movement according to its leader’s movement (e.g., speed, acceleration, headway, 
etc.), surrounding environment (e.g., speed limits, traffic signals, etc.) and its own 
driving behaviours (e.g., desired speed, desired acceleration, etc.).  
The CF procedure normally involves the following three stages:  
 Stage 1: A driver receives relevant information by perception. Such the 
information includes but is not limited to speeds, accelerations, and 
spacing;  
 Stage 2: A driver interprets the received information for decision 
making. As this stage, the driver’s driving skills and knowledge 
determine the corresponding response to the information received from 
the first stage; and 
 Stage 3: A driver operates and controls the vehicle according to the 
decision made in stage two.  
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This study aims to explore the queue discharge characteristics of eco-driving-
related platoons, using detailed microscopic descriptions of the queue discharge 
procedure.  
5.1.2 Development of the QD model 
Before introducing the QD model, it should be noted that in this study, the 
movement of the first vehicle in a queue is not included in the QD modelling. A 
leading vehicle in a queue is free to accelerate if the downstream traffic is not 
congested. Consequently, the car following philosophy does not necessarily affect 
the leading vehicle when only the driving behaviours determine the movements.  
This section introduces the two major components: the start response 
component and the acceleration component. 
Start Response Component  
When the traffic light turns to green, a vehicle in a queue will take some time 
to react to the traffic light and the leading vehicles. The purpose of the start response 
component is to provide the time and the initial acceleration. Regarding the objects 
to response, there are two possible circumstances. In the first case, a follower reacts 
to the preceding vehicle. The follower would start-up only after the preceding vehicle 
starts moving. This lag between the leader’s start-up time and the follower’s start-up 
time is known as the respond time to the leader. Under the other circumstance, a 
follower who responses to the traffic light would get ready to move as soon as the 
traffic light turns to green. The operations and movements are dependent on the 
available spacing between the two vehicles. It is necessary to distinguish these two 
situations while describing different driving behaviours with different start-up 
responses.  
In this study, the following rule is developed and used for the start-up decision-
making: 
When the green traffic light is on, a driver would tend to move depending on 
whether there is sufficient safety spacing between the follower and the leader. 
As shown in figure 5.3, the N
th
 vehicle follows the (N-1)
th
 vehicle before the 
stop-line. The follower vehicle N judges the difference between the perceived 
displacement and the observed distance for start-up decision-making. It is assumed 
that a driver will perceive the possible displacement for a certain period, denoted as 
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D’. At time t+T, when the driver N has observed sufficient space for a safe 
acceleration, the start decision will be made to depart.  
 
Figure 5.3 Driver’s perception for start-up response 
       , then the follower will apply the throttle pedal for acceleration in 
the next interval. Ds is the safety spacing that a driver perceives for start-up.  As per 
the traditional motion equation for uniform accelerations, the D’ could be given as 
the following equation: 
   
 
 
       
                      
Where 
  is an driving behaviour parameter; 
     is the average acceleration; and 
   is the time period of driver’s perception. 
At the same time, the Ds could be written as: 
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Where  
Ds is the safety distance that a driver perceive; 
CL is the clearance (i.e. distance between the front bumper of the vehicle and 
the back bumper of the front vehicle); and 
ε is an error term. 
Equations 5-2 and 5-3 lead to the following start-up rule applied to a vehicle: 
If  
 
 
       
         , then start to move with acceleration       
The design of the start response component enhances the flexibility to describe 
the diversity of the start-up response in accordance with driving behaviours. With 
this approach, the response time is not given directly. Instead, it is determined by the 
individual driving behaviours and the corresponding queuing conditions. More 
importantly, it specifies not only the impacts of the stop spacing on the start-up 
decision but the influences from human perception.  
Acceleration Component  
The acceleration component is developed based on a fuzzy interface system 
(FIS). A fuzzy interface system is suitable to represent the human-in-the-loop system 
for the following two reasons: 
 Non-linearity: In reality, the driver is not able to obtain precisely the traffic 
conditions (i.e. clearance and relative speed between a follower and a 
leader). As a consequence, a driver is unlikely to operate the vehicle in a 
perfect manner as described in some of the empirical models. In addition, 
as a driver would lack the capability of memorising the traffic queue 
discharge features (i.e., clearance and relative speeds) for a certain period, 
only the latest traffic condition would be perceived by the driver. Then, the 
driver has to interpret the most current situation and make driving decisions. 
These driving behavioural features indicate that a discrete description of a 
queue discharge operation would potentially enhance the fit to the real 
driving operations; and 
 Linguistic nature of fuzzy logic: Different from the tradition description of 
the traffic states in CF philosophy, a fuzzy system considers the description 
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of the CF input and output as linguistic terms, such as fast, slow, close and 
far-away, instead of as crisp description. Fuzzy set theory is good for 
presenting the human reasoning process owing to its capability of handling 
vagueness and imprecision in the perception and reasoning process.  
A basic fuzzy logic works as shown in Figure 5.4 to realise a control procedure. 
The fuzzy logic control procedure involves several basic definitions. The control 
object refers to a fuzzy set; a particular fuzzy set is described with a fuzzy 
membership function to assign the linguistic description of the input. Afterwards, a 
reasoning process interprets the input towards the corresponding outs with 
defuzzification process. At the end of a control cycle, the output control response is 
applied to the control object. Details about Fuzzy logic and Fuzzy interface systems 
are readily available in the literature (George and Folger, 1988; Dubois and Prade 
1980, Zimmermann, 1991; Bellman and Zadeh, 1970). The following sections will 
focus on how fuzzy logic control could be applied to queue discharge operations. 
 
Figure 5.4 An example of fuzzy control 
For the application of FIS, the clearance distance and the physical constrains of 
vehicles are denoted as CL and CO, respectively. The predicted acceleration 
operations are used as the model output, denoted as  . The fuzzy logic description of 
a vehicle’s acceleration action, A, is written in the following equation: 
                                 (5-4) 
Where 
t is the current time; 
t+T is the time instance after t with update interval T; and 
Fuzzy denote the fuzzy logic interface.  
Figure 5.5 gives the input and output of the fuzzy logic interface for QD 
applications. 
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Figure 5.5 QD fuzzy applications 
Model Philosophy 
The fuzzy logic governs the acceleration procedure of a particular vehicle in a 
discrete manner. The relationship between vehicle acceleration action and the traffic 
condition is presented as follows: 
 The magnitude of acceleration action is determined by the change of 
clearance between vehicles. Specifically, it is assumed that a driver 
would have an acceptable CL increasing speed to control to accelerate 
the vehicle. That is to say, when the CL increases too fast (the distance 
between two vehicles has been enlarged), the follower would tend to 
catch up the leader’s speed. This phenomenon is usually regarded as 
stimulation in the car following philosophy. However, the catch-up 
speed would also be determined by the driving behaviour as well as 
maximum acceleration of the vehicle. When the CL increases within a 
normal condition (desired clearance concept), a normal acceleration 
would be conducted by a driver.  In addition, when the CL decreases, 
which is an unexpected situation, the driver would reduce the 
acceleration, or even brake to stop. As a result, the fuzzy interface 
would determine the acceleration rates based on the DCL; 
 Additionally, the acceleration is determined by the ratio to desired 
speed. While the vehicle is approaching the desired speed, the 
acceleration magnitude would be reduced somehow. 
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Therefore in this situation, we consider the DCL as one of the fuzzy 
membership for acceleration control.  Meanwhile, the DS is used as another fuzzy 
membership to adjust the acceleration level. In addition to the fuzzy membership, the 
acceleration component considers the physical constrains of vehicles on the road, 
such as: 
 Maximum acceleration rates: determined by the acceleration capacity of 
a particular vehicle or a driver’s maximum desired acceleration; 
 Maximum speed: affected by the desired speed or posted speed limits 
on road; and 
 Minimum clearance distance for sudden brake: ensuring a vehicle could 
safety following the preceding vehicle without rear-end collision. 
Model Output: driver response 
Considering a driver’s behaviours, the following assumption is made to 
describe acceleration operations: when starting, a driver made the decision on how to 
adjust the throttle in response to the traffic conditions but not a direct value of 
acceleration rate. 
This is a fuzzy description of the acceleration operations. Under this 
assumption, the procedure of start-up becomes the dynamics of adjustment of 
acceleration operations. Therefore, the adjustment of acceleration (DAcc) is used as 
the output of the fuzzy QD model. Table 5.1 illustrates examples of output with 
respect to the driving operation in reality. 
Table 5.1 Fuzzy QD outputs 
Driving Response                                         
( Fuzzy output DAcc) 
Description 
DAcc >0 Accelerate more 
DAcc =0 Keep the current accelerate rate 
DAcc <0 Reduce the current acceleration rate 
It is worth mentioning that using DAcc also increases the model flexibility to 
describe different driving behaviour when compared to using A. For example, it 
would require calibration for different driving behaviours to obtain the exact A value 
during the driving procedure. But using DAcc would simplify the calibration process. 
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Model input 1: DCL 
The state of the art of fuzzy CF models utilises inputs such as relative speeds 
and clearance between two vehicles. Slightly different from the traditional approach, 
this study adopts the difference of clearance (DCL) as the major control input. 
It is assumed that a driver will adjust acceleration in response to the change of 
clearance distance between preceding vehicles and his/her vehicle.  
This assumption is verified with experiment data. As shown in figure 5.6 and 
figure 5.7, it is found that the DCL works as an obvious response to DAcc. When 
DCL increases, DAcc tends to increase to reach a certain positive value. When DCL 
reduces, DAcc tends to be low or even negative.  
 
Figure 5.6 Examples of DAcc and DCL relationships at intersection 1 of the Shirosato experiment 
 
Figure 5.7 Examples of DAcc and DCL relationships at intersection 3 of the Shirosato experiment 
This relationship is further confirmed with another driving behaviour dataset, 
the NGSIM dataset. Figure 5.8 provides the DAcc-DCL relationship plots of a 
vehicle (in the second place of a queue for the left figure and in the fourth place of a 
queue for the right figure) during the start-up period at two intersections. It also 
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shows that changes of CL stimulated the increasing of acceleration at the beginning 
period of start-up. Then, with the dissipation of DCL, the acceleration changes 
become small, fluctuating around zero. 
  
Figure 5.8 DAcc-DCL relationship based on Shirosato Experiment 
Both NGSIM data and the Shirosato experiment data show that the change of 
acceleration is strongly related to the change of clearance between the following 
vehicle and the proceeding vehicle.  
As per the relationship between difference of clearance (DCL) and difference 
of acceleration (DAcc), Table 5.2 gives the explanations of the membership set for 
the stimulus input. 
Table 5.2 Explanations of Fuzzy QD model CL input and output 
Difference of clearance spacing 
(DCL) 
Driver response (DAcc) 
Opening fast Increase acceleration a lot 
Opening Increase acceleration 
Zero Keep current acceleration 
Closing Reduce acceleration 
Closing fast Reduce acceleration a lot 
Model Input 2: Ratio to desired speed (RD) 
Table 5.3 describes the membership set for another model input: Ratio to 
desired speed (RD). The RD component replicates the drivers’ magnitude of 
response with respective to the speed conditions. 
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Table 5.3 Examples of Fuzzy QD model RD input and output 
Ratio to desired speed (RD) Driver response: 
(0.75,1) Complete discharge Low change rates for acceleration 
(0.5, 0.75) Adjust acceleration Medium-low change rates for 
acceleration (0.25, 0.5) Acceleration Medium-high change rates for 
acceleration (0,0.25) Start to acceleration High change rates for acceleration 
Examples of input and output 
Two examples are given as the following description for the fuzzy QD 
modelling:  
 IF difference of clearance spacing is opening fast, and the ratio to 
desired speed (RD) is not close to 1.0, then the driver’s response is to 
accelerate a little stronger with DAcc; and 
 IF difference of clearance spacing is closing fast, and the ratio to 
desired speed (RD) is not close to 1.0, then the driver’s response is to 
reduce acceleration a little stronger with DAcc.  
Model Equation 
The QD model consists of two components: the start-up response component 
and the fuzzy queue discharge component. The model is described with the following 
equation: 
       
{
  
 
  
                                                                           
 
 
        
  
 
                                           
 
 
        
               
 
 
                                                                          
 
                                                                                                                 (5-5) 
Where 
V(t) is the instant velocity at time t; 
a (t) is the predicted acceleration changes in the next interval;  
  is the driving behaviour parameter; 
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     is the average acceleration rate that a driver apply; 
  is the minimum safety clearance, regarded as a constant; 
   is the time period of driver’s perception; 
Fuzzy denotes a fuzzy logic mapping; and  
DCL (t-1) is the difference of clearance distance to the pervious interval at 
current interval. 
Model Parameters 
The proposed model includes only one model parameter, which is the β factor. 
This section explains the selection and use of the “β” parameter. 
Justification of β factor 
In the QD equations, the β factor represents the driving behaviours parameter, 
which is the parameter in the model. To obtain the β parameter, a reasoning process 
regarding the start-up behaviours helps. 
First of all, it is assumed that the driver has good ability to predict and perceive 
the movement of a vehicle for some seconds at the very beginning of the start-up 
moment. It can be seen that as long as a queuing vehicle starts to move, the start 
response criterion should be satisfied according to the following equation: 
            
 
 
        
                   
Equation 5-6 explains the criterion that a driver is able to start-up. That is when 
the perceived clearance distance (       ) is more than the perceived acceleration 
distance (i.e., the right part of the inequity), a driver is able to accelerate, given that 
the driver has the sense that it is safe to start. The inequality could then be rewritten 
as: 
   
           
      
                  
According to the response rule, the instance that equation stands must satisfy 
the above conditions.  
In inequity 5-7,    represents the perception interval; normally a value of 1~3 
seconds applies. The ε term in the model could be regarded as a short distance. In 
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particular, the error of perception would relate to ages, genders and so on. This study 
simply utilises a constant of 50 cm. Therefore β could be retrieved according to 
equation 5-6 when the CL data is available. The study uses data from the Shirosato 
eco-driving experiment to explore the β factor. 
The 328 sets of data regarding reaction time and start-up trajectory was 
assessed from intersection 1. In this dataset, the average acceleration at the start-up 
period is approximately 1.5 m/s
2
; the safety parameter   is considered to be 0.5m. 
The perception capability of a driver, Tp, is considered to be 2 seconds. 
It should be noted that the start-up rule is based on the safety consideration of a 
driver, particularly for queuing vehicles whose stopping distance is relatively close to 
each other. However, driver’s perception could be found to be quite different if the 
stopping clearance is further away. Although the long clearance is not included in the 
scope of the queue discharge behaviour, it is worth mentioning. For this assessment, 
the long stop clearance cases are excluded from the analysis because in the 
experiment all drivers behaved properly with reasonably close stop clearance from 
each other. Finally, 315 effective β values are obtained, with the following statistical 
features, shown in table 5.4. 
Table 5.4 Statistics of β at Shirosato experiment  
Item Mean Median Standard 
Deviation 
Minimum Maximum 
β 0.865 0.864 0.17 0.367 1.497 
The β factor is further studied with regard to the corresponding driving 
behaviour. The real accelerations at the first 2s after start-up of the 315 effective 
datasets were collected for the parameter calibrations. The results are shown in table 
5.5. The observed accelerations are found to be within the ranges of the expected 
accelerations regarding each driving behaviour group.  
Table 5.5 Statistics of β at Shirosato experiment  
Item Cautious 
driver 
Normal 
driver 
Fast 
driver 
Sportive 
driver 
β value 0.5-0.8 0.8-1.0 1.0-1.2 >1.2 
Expected acceleration 
range(m/s
2
) 0.75-1.2
 
1.2-1.5 1.5-1.8 >1.8 
Observed average 
acceleration 
1.15 m/s
2
 1.38 m/s
2
 1.52 m/s
2
 1.74 m/s
2
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To confirm and validate the start response component, the study also utilises 
NGSIM data for the β parameter investigation. The intention of using another dataset 
is to explore if the relationship between start-up driving behaviour and start response 
revealed from the Japan experiment exists in another country.  
The NGSIM data is an open source dataset which provides high-resolution 
traffic trajectories. The trajectories are retrieved from video recorded in fields. 
Compared to the Shirosato eco-driving experiment, NGSIM data is better in 
reflecting the real driving behaviours because the drivers are not aware of the video 
recording and tend to drive with their nature of driving behaviours. For this study, 
the Peachtree St arterial dataset is utilised. The intersection 1 and intersection 2 data 
of northbound were calculated. Table 5.6 is the statistics of the retrieved β value. In 
table 5.6 the β is ranged in normal driving behaviours, with average initial 
acceleration of 1.17 m/s
2
.  The results indicate that the selection of normal drivers’ β 
parameter has no significant difference between the U.S data and Japan data. 
Therefore, the uses of β parameter could refer to the Shirosato experiment. 
Table 5.6 Statistics of β at Peachtree St, NGSIM (CL<3m) 
Item Mean Median Standard 
Deviation 
Minimum Maximum 
β 0.88 0.79 0.092 0.453 1.48 
5.1.3 The fuzzy logic interface 
This section introduces how the fuzzy logic interface is set and which fuzzy 
concepts are used in the model development.  
The numeric descriptions of the inputs are shown in tables 5.7 to 5.9. The 
tables provide the reasoning of the human actions to the perceived traffic condition 
as well as the vehicle’s speed. The fuzzy rules are given in table 5.10. 
Table 5.7 Numeric description of fuzzy membership for input 1: DCL 
DCL (difference of 
clearance distance) 
Linguistic Description 
1 Closing very quick 
2 Closing quick 
3 Keeping steady 
4 Opening 
5 Opening quickly 
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Table 5.8 Numeric description of fuzzy membership for input 2: RD 
RD (Ratio to desired 
speed) 
Linguistic Description 
1 Just start to accelerate 
Full space to acceleration 2 Accelerat  
 3 Adjust acceleration 
4 Adjust acceleration 
5 Completing acceleration 
Table 5.9 Numeric description of fuzzy membership for output: DAcc 
DAcc (Difference of 
acceleration rate) 
Linguistic Description 
1 Strong brake 
2 Brake 
3 Keeping steady 
4 Accelerate more 
5 Accelerate most 
Table 5.10 Fuzzy control rules: output DAcc 
 DCL 
1 2 3 4 5 
RD DAcc 
1 1 1 4 5 5 
2 1 2 3 4 5 
3 2 2 3 3 4 
4 2 2 3 3 3 
5 2 3 3 3 3 
According to table, the model outputs (i.e. DAcc) are determined by both DCL 
and RD. The study defuzzifies the numeric description to the model output based on 
the Centre of gravity defuzzification methods.  
Discussion about the braking in the model: 
1) The scope of the model is to describe queue discharge behaviour, where 
most of the vehicles are intended to discharge the intersection if the traffic 
condition is allowed. Braking operation here is then considered for the 
noise of acceleration errors, and the impact caused by heterogeneity in the 
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acceleration behaviour, rather than for a strong incident which may lead to 
sudden and extremely deceleration while discharging. 
2) It is assumed that the driver is more sensitive to the clearance changes at 
the starting period of the queue discharge because the distance is relatively 
small.  
5.1.4 Simulation model flow chart 
Figure 5.9 gives the simulator flow of queue discharge procedures of a traffic 
platoon at a signalised intersection. This flow chart shows how the queue discharge 
model takes control of relevant driving units in a traffic simulator. Traffic signals 
works as the activation rule for queue discharge procedure. 
 
Figure 5.9 Simulation flow chart for queue discharge procedures 
Start from here 
Check traffic 
light status? 
Find all queuing 
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Start to move all 
queuing vehicles 
Green 
Red 
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Figure 5.10 illustrates the flow chart of the queue discharge movement of an 
individual vehicle in a traffic queue. 
 
Figure 5.10 QD simulation flow chart for a vehicle 
Where 
t is the current time; 
t0 is the start time of the green traffic light; 
T is the update interval; 
“Check start-up” uses equation 5-5; 
At+T is the initial start-up acceleration which is computed by      ; 
Vt+T is the initial start-up speed at the end of first update interval time; 
Fuzzy logic interface follows equation 5-4; and 
“QD complete” checks if desired speed has been reached. 
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No 
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5.1.5 QD Model validation 
The credibility of the QD model is firstly assessed by comparison with the 
macroscopic QD features. A series of dummy settings of the traffic flow features are 
used to test the model. Following parameters are used to represent the driving 
characteristics for every vehicle in the platoon:  
 β sampled from a normal distribution. N(0.8, 0.1); 
 Ds sampled from a normal distribution, N(3.0, 0.3); 
 T uses 1 s; 
 Aavg sampled from a normal distribution N(2.5, 0.2); and 
 Vd is desired speed sampled from a normal distribution N (50, 2). 
Figure 5.11 is the stop-line headway distribution with respect to the position of 
the vehicle. Compared to figure 5.12, which is the HCM stop-line headway 
distribution, the simulated headway distribution follows a similar tendency. It is 
observed that headway times stand around 2 second after the 4
th
 vehicle.  
 
Figure 5.11 Headway distributions from the Fuzzy QD model 
 
Figure 5.12 Examples of HCM headway distribution 
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The output vehicle trajectories are also compared to the exponential model that 
is developed by Akçelik and Besley (2002). In figure 5.13, the scatted dots represent 
the simulated speed profile (spd) in time; the red line provides the exponential 
description of speed profile (Exp) with the following equation: 
      [   
            ]              
Where 
t is time since the green light is onset; 
vs is queue discharge speed at time t (km/h); and 
tr is the start response of the first vehicle to the start of the green light. 
Figure 5.13 indicates that the microscopic QD simulation model is able to 
reproduce the macroscopic traffic flow features. 
 
Figure 5.13 Simulated and the exponential speed profile  
Figure 5.14 gives an example of the simulated trajectories at an intersection. It 
can be seen that the model is capable of providing variable start response time and 
car following behaviours. 
 
Figure 5.14 Queue discharge trajectory of a platoon 
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5.2 ENVIRONMENT ASSESSMENT 
Following the discussion in section 4.1, the environment models utilise the 
four-stage performance for queue discharge procedures and the study focuses on the 
fuel consumption as the major measurement for environmental assessment. 
Following the four-stage fuel model discussed in section 3, an individual 
vehicle’s fuel consumption performance is given as follows:  
                                               (5-8) 
Where 
    is the total fuel consumption during the queue discharge; 
      represents the total fuel consumption during idle; 
     represent the total fuel consumption for acceleration operations; 
       represent the total fuel consumption for brakes; and 
        represents the total fuel consumption during cruising period. 
5.3 TEST-BED DESIGN 
This section introduces all the test-bed elements in the test-bed, including road 
geometrics, traffic conditions, traffic signal timing and the driving behaviours in the 
model. Aimsun microscopic simulator (Version 6.1.3 R10836) is utilised in the test-
bed construction.  The study mainly takes advantage of the visualisation function of 
the Aimsun microscopic for test-bed construction. In addition, the API (Application 
Program Interface) was utilised for application of the driving behaviour model and 
the environment assessment module that are proposed in this study.  
The integration of the AIMSUN simulator and the API components is shown in 
figure 5.16. The API module intercommunicates with the Aimsun simulator at each 
simulation interval. Figure 5.15 displays the framework in which AIMSUN and the 
API modules interact with each other for eco-driving behaviour and fuel 
consumption reproduction. 
The codes are compiled with Python 2.6 (http://www.python.org/), a script 
programming language with an open source license. The AIMSUN API component 
provides a direct connection between the AIMSUN simulator and external control 
coded with Python language. 
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Figure 5.15 Integration of Aimsun simulator and API modules 
5.3.1 Roads geometrics 
The development of the test-bed follows the road settings in the Shirosato 
experiment introduced in chapter 3.  
Figure 5.16 gives the simulated road geometrics design of an isolated 
intersection. Similar to the Shirosato experiment layout, the road consists of one lane 
for one direction. Under this circumstance, lane-changing would be prohibited to 
ensure only car following governs the vehicle movement.   
 
Figure 5.16 An isolated intersection geometric in the AIMSUN simulator 
Figure 5.17 illustrates the scheme of the coordinated intersections. As with the 
isolated intersection, the path only has one lane for one direction. The distance 
between Intersection 1 and Intersection 2 is about 400 m and the distance between 
intersection 2 and intersection 3 is about 600 m.  
 
Figure 5.17 Scheme of the coordinated intersections 
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Table 5.11 provides the key section parameters for the road segments.  
Table 5.11 Road segment settings 
Item Lane width Maximum Speed 
Mainline 3m 50km/h 
Intersections 3m 50km/h 
For single intersection design, the network covers 200 meters before and after 
the stop line. For arterial roads design, three consecutive intersections are employed 
along the corridor.  
5.3.2 Traffic signals 
For every individual intersection, a fixed signal time was used. As the scope of 
the study focus is on the queue discharge, yellow light before red is not considered in 
the simulation for simplification. Only green and red are assigned in the time plan. 
Table 5.12 gives the signal timing settings, with the consideration of 
coordination on the corridor. According to Akçelek (1998), the ideal offset settings 
consider the average cruising speed. Following this approach, we set the offset to 
ensure the leading vehicles of a platoon are able to pass through the consecutive 
intersections without stopping after leaving the first intersection.  
Table 5.12 Traffic signal timing plan 
 Cycle time Green split Red split Offset 
Int 1  120s 45 s 75 s n/a 
Int 2  120s 45 s 75 s 30s 
Int 3  120s 45 s 75 s 75s 
 
In reality, the demand from side roads should also be considered for offset 
design. However, this study concentrated on the upstream queue discharge platoon, 
so the side road demand is not in the research scope.  
Ot= L/Vc            (5-9) 
Where 
Ot  is the ideal offset time to provide smooth progression; 
L is the link length between two consecutive intersections; and 
Vc is the average cruising speed of the platoon. 
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Figure 5.18 provides an example of the progression at the three intersections. It 
can be seen that all vehicles were able to pass through the following two consecutive 
intersections without stopping, indicating good progression along the corridor. 
 
Figure 5.18 Progression of a platoon at three consecutive intersections 
5.3.3 Vehicles parameters  
The vehicle specification used in the simulation is given in table 5.13. 
Table 5.13 Vehicle specification  
Item Mean Deviation Min Max 
Length 4 m 0.5 m 3.4 m 4.6 m 
Width 2 m 0 m 2 m 2 m 
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5.3.4 Traffic demand 
Demand of traffic is generated upstream from the first intersection. Vehicles 
are arranged to enter the test-bed during the red light period with the saturation flow 
rate (i.e. 1800 vehicle per hour).  During each signal cycle, a certain amount of 
vehicles are forced into the network. Consequently, the traffic demand is generated 
as soon as possible after the traffic light turns to red at intersection 1. It is ensured 
that all the entered traffic demand would stop at the stop-line at intersection 1.  
5.3.5 Driving behaviours 
The test-bed introduces two types of driving behaviours: normal driving 
behaviours with relatively strong start-up acceleration, and eco-driving behaviours 
with gentle acceleration operations. 
Normal driving behaviours represent the most common manner in which a 
driver would drive on the road. The speed and acceleration features are replicated 
according to the Shirosato experiment data. The acceleration operations follow the 
responses relationship that is found in section 4.2. Table 5.14 gives the major 
features of the driving behaviours. 
Table 5.14 Driving behaviour parameters  
Item Desired speed Max acceleration 
Normal driver N (45,1) 2 
Eco-driver N (45,1) 1.2 
For eco-driving behaviours, the acceleration behaviours are specified as 
“acceleration to 20km after 5 second”. Under this circumstance, the maximum 
acceleration rate is restricted to 1.11 m/s
2
 during acceleration period.   
5.3.6 Sensitivity analysis of the test-bed 
This section examines the sensitivity of the proposed QD model with respect to 
the “ß” factors and the maximum acceleration rates of the leading vehicles. It is 
expected that the fuel consumption of each vehicle in the queue is proportional to the 
positions although the “ß” factor is various. In addition, leading vehicles have great 
impact on the followers’ performance due to the stimuli-response procedure of car 
following. It is expected that the follower has reasonable response to a leader’s 
behaviour change.   
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Fuel consumption sensitivity to driver’s “β” factor 
Figure 5.19 provides the fuel consumption performance of each vehicle in the 
queue with a normal distribution of b factor (            ). 
 
Figure 5.19 Fuel consumption performance of a traffic platoon with              
Fuel consumption sensitivity to follower’s driving aggressiveness 
This part of the sensitivity analysis looks at the affecting ranger where the 
preceding vehicle has constrains on the following vehicle. Fifteen normal drivers are 
utilised for the study. Figure 5.20 displays the fuel consumption performance with 
respect to the followers’ maximum acceleration rates. The interactions between the 
leading drivers and different following drivers are presented in figure 5.20. The 
queue discharge fuel consumption for the vehicles that are in the front of the queue 
fluctuates in response to the change of the leading driver’s driving aggressiveness. 
When the leaders drive relatively sportive compared to the follower (i.e., acceleration 
is over 2.3 m/s
2
), the stimulus is reduced because the followers will choose to 
accelerate more strongly than normal drivers will.  
 
Figure 5.20 Fuel consumption performances with respect to follower’s acceleration rates 
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Comparison to Gipps CF model 
The fuel consumption performance of a vehicle in the queue is compared with 
the Gipps CF model. Figure 5.21 gives the results regarding different driving 
behaviours with the fuzzy model and Gipps car following model, respectively. The 
leading vehicle uses maximum acceleration of 2m/s
2
 and all the driving parameters 
are kept the same in all runs. The maximum acceleration rates of the following 
vehicles ranging from 2 m/s
2
 to 3.3 m/s
2
 are tested. It is found that the fuzzy QD 
model provides more sensitivity to maximum acceleration than is provided by the 
Gipps CF model. This result implies that fuzzy QD is reasonable for fuel 
consumption investigation involving different driving behaviours.  
  
 
Figure 5.21 Comparison of fuel consumption to Gipps CF with respect to different acceleration rates 
5.3.7 Test-bed calibration  
The study calibrates the model on fuel consumption performance for the 
platoon. The calibration objective includes regenerating reasonable queue discharge 
trajectory at intersections and providing the appropriate fuel consumption profile for 
the traffic platoon that is discharging at signalised intersections. In this study, the fuel 
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consumption profile data retrieved from the Shirosato eco-driving experiment is used 
for calibration. 
As a result, the procedure of the test-bed calibration is shown in figure 5.22. 
The calibration design follows a bottom-up approach which starts from the individual 
vehicle and ends up with the entire traffic platoon.  
 
Figure 5.22 Calibration processes for test-bed 
The output fuel consumption data includes 300 cycles of queue discharge 
procedures, while the observed data involves three cycles of queue discharge 
procedures in Shirosato experiment.  
The calibration procedure aims to see how the queue discharge component and 
the fuel consumption component work when the first vehicle is identified. With the 
traditional car following philosophy, the following vehicles are usually regarded as 
duplication of the leading vehicles. Four groups of situations regarding the 
experiment data collected in the Shirosato experiment are calibrated in this study: 
“first normal driver situation”, “first eco-driver situation”, “5th eco-driver situation” 
and “2nd and 10th eco-driver situation”.   
First normal driver 
In this scenario, the speed profile of the first normal driver is used in the model, 
as shown in figure 5.23. By using “b” factor with N(0.8, 0.1), the QD model 
outputted the simulated fuel results (shown in figure 5.24), with MAPE of 4.44% and 
RMSE of 1.056 ml. In the figure, “Test-bed” gives the outputs from the simulation 
model; “Real” represents the observed fuel consumption data from the experiment; 
and “Linear (real)” is the linear regression result of the observed data. 
Behaviour features 
Fuel consumption 
Calibration 
Calibration 
Validation 
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Figure 5.23 Speed profile of the normal leaders in Shirosato experiment 
 
Figure 5.24 Fuel consumption performances when the first driver follows normal driving 
First eco-driver 
In this scenario, the first driver carries out a constant acceleration rate of 
around 1.2 m/s
2
. The model utilised the “b” factor of N(0.8, 0.1). Figure 5.25 
provides the calibrated fuel consumption performance, with MAPE=3.22%, 
RMSE=0.71 ml for the entire platoon.  
 
Figure 5.25 Fuel consumption performances when the first driver follows eco-driving 
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One eco-driver in the platoon (5
th
-eco-driver) 
Applying eco-driving at the 5
th
 position, with b of N(0.8,0.1), the QD fuel 
consumptions of the platoon are illustrated in figure 5.26.  The MAPE is 3.91% and 
the RMSE is 0.98ml. 
 
Figure 5.26 Fuel consumption performances when the5th driver follows eco-driving 
Two eco-drivers in the platoon (2
nd
 and 10
th
 Eco) 
For the 2
nd
 and 10
th
 eco-driving scenario, the MAPE is 3.15% and the RMSE is 
0.88ml, when the b factor is in N (0.8, 0.1). The comparison of the simulated and the 
real observed fuel consumption is given in figure 5.27.  
 
Figure 5.27 Fuel consumption performances when the 2
nd
 and the 10
th
 drivers follow eco-driving 
5.4 SUMMARY  
This chapter provides the details of the simulation test-bed development. The 
test-bed is composed of two major components: behavioural and environment 
assessment models. The queue discharge model consists of two sub-components: 
start response and fuzzy queue discharge. The parameters and model settings have 
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been discussed in this chapter. The test-bed is designed to replicate the real driving 
behaviours and the fuel consumption performance at intersections. It is explored that 
the model is suitable for eco-driving assessment based on a series of sensitivity 
analysis. After calibration, the queue discharge model is ready for the comprehensive 
eco-driving evaluation. 
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Chapter 6: Simulation Study of eco-driving 
effectiveness 
In this chapter, comprehensive simulation studies are carried out based on the 
developed test-bed in chapter 5. The scenario design is firstly presented with the 
corresponding motivations and specifications. Four groups of scenarios are tested on 
the simulation test-bed: “positions of eco-drivers scenario”, “penetration rates of eco-
drivers scenario”, “different level of traffic demand (degree of saturation) scenario”, 
and “multiple intersections scenario”. The simulation results and discussion for each 
scenario group are provided in this chapter. Findings and summaries are given in the 
last section. 
6.1 SCENARIO GROUPS 
The potential impacts of eco-driving on traffic flow mainly include the 
following aspects: 
 Different positions of the eco-drivers in the traffic platoon: According 
to the field experiment introduced in chapter 4, different positions of 
eco-drivers in a platoon affect the flow discharge patterns, thus having 
great potential to influence environment performance;  
 Different penetration rates of eco-drivers in traffic platoon: The eco-
driving penetration rate is a key impact factor for the performance. The 
impact of the eco-driving penetration rate is also of crucial importance 
for eco-driving strategy development and promotion;  
 Different level of traffic demand: It has been found that eco-driving 
strategy performs differently under different traffic pressures. 
Consequently, exploring and understanding how eco-driving performs 
under different traffic conditions is important; 
 The impacts of existing traffic signal timings: At urban areas, many 
intersections are coordinated to pursue smooth traffic flow progression 
and to maximum the traffic throughputs. However, the delay effect of 
eco-driving might compromise intersection coordination and cause 
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excessive delay, which raises the necessity to explore the eco-driving 
impacts on traffic signal coordination.  
To explore these topics, this study designed four groups of simulation scenarios 
with the following specifications:  
 Position Scenario (Ps): This scenario group employs only one eco-driver 
in every traffic platoon when eco-driving is adopted. The traffic platoon 
includes 15 vehicles in total. For the benchmark scenario, all vehicles are 
driving with normal driving behaviour. For eco-driving scenarios, the 
eco-driver is located in different positions in the queue, from the 1
st
 
position to the 15
th
 position of the queue. Consequently, there are 16 
scenarios in this group. Appendix II provides the details of these scenario 
settings; 
 Penetration rate Scenario (PRs): This group focuses on different numbers 
of eco-drivers in a traffic platoon. The vehicle number in platoon is 15 
vehicles. Different eco-driving penetration rates are employed in different 
scenarios, from 0% to 100% of eco-driving. For this group, the positions 
of the eco-drivers are randomly distributed in the traffic platoon. There 
are 11 scenarios in this group; 
 Traffic Condition Scenario (TCs): Different degrees of saturation (with 
fixed traffic signal and variable traffic demand) are tested in this group, 
from 0.7 to 1.1 with an interval of 0.05. For each degree of the saturation 
condition, different penetration rates (i.e., from 0% to 100%) are adopted. 
As a result, this group has 99 scenarios;  
 Multiple intersection Scenario (MIs): This group considers three 
consecutive intersections (coordinated in signal timing with a time offset) 
along an artificial arterial road. With the fixed traffic signal timing design, 
the impacts of different demands, different eco-driver penetration rates 
and different traffic conditions are investigated. Different degrees of 
saturations and penetration rates are tested, leading to 99 scenarios. 
  125 
6.2 MEASURE OF PERFORMANCE  
6.2.1 Evaluation scope 
The evaluation study has evaluation scope similar to the Shirosato eco-driving 
experiment. The queue discharge period is particularly focused for analysis.  
As the evaluation follows before-and-after comparison approaches, the fuel 
consumption analysis considers the fuel that is used for queue discharge. Therefore, 
fuel consumption data from start of green at the intersection until arrival at 200 
meters after the intersection (i.e., stop-line) are collected. For the situation where the 
number of stops is more than once at one intersection, the fuel consumption for 
queue discharge also includes the idling period before departing the intersection.  
6.2.2 Fuel consumption and mobility performance 
The study is mainly concerned about fuel consumption performance. These 
performances are assessed from both the individual vehicle perspective and the entire 
traffic platoon perspective. For the individual vehicle, the improvement rate of fuel 
consumption is used to present the benefits of eco-driving. For the entire traffic 
platoon, the quantity of fuel consumption is measured.  The fuel consumption 
performance is averaged in every traffic cycle. 
In the simulation investigation, queuing information is used to evaluate the 
traffic mobility performance. Maximum queue length and average number of stops 
are selected as the key measurements. 
6.3 POSITION SCENARIO (PS) 
This scenario group tested 16 different situations for a platoon with 15 
vehicles. The base condition involves only normal drivers for the entire platoon. In 
the eco-driving conditions, an eco-driver was assigned to a particular position in 
queue, from the 1
st
 position to the 15
th
 position.   
The specifications of the test-bed are introduced in section 5.3. Each scenario 
involves 10 replications which have random seeds to generate traffic demand. Each 
scenario ran for 1 hour in the simulation test-bed. As every signal cycle for a 
complete queue discharge procedure is 2 minutes, there are 30 complete queue 
discharge procedures for every replication. 
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6.3.1 Fuel consumption performance 
Individual vehicle 
Firstly, the fuel consumption performance of the individual vehicle is studied. 
This part of the study aims to confirm the effectiveness of eco-driving from an 
individual vehicle perspective.  
Figure 6.1 displays the difference of fuel consumption for every vehicle in each 
position in the queue before and after adopting eco-driving behaviours. For example, 
the black bar at the first position represents the average fuel consumption from the 
vehicle with normal driving behaviours at the first position of queue, while the grey 
bar at the same position represents the average fuel consumption from the same 
vehicle at the same position after adopting eco-driving.  
  
Figure 6.1 Fuel consumption performance of individual vehicle       
Figure 6.1 indicates that considerable and consistent benefit has been found 
after adopting eco-driving. It also reveals that the eco-driving benefits at the first 
position outweigh those in the following positions. This is caused by the difference 
of acceleration operations. When a vehicle is in the queue, its acceleration is 
constrained by the movements of the preceding vehicles, leading to moderate 
acceleration during queue discharge. However, the first vehicle in a queue is usually 
free to accelerate with normal or fast acceleration. Detailed fuel consumption 
performance of every vehicle, including normal drivers and eco-drivers, is provided 
in appendix IV.  
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Entire traffic platoon 
The fuel consumption performance for the entire platoon is then analysed, as 
shown in figure 6.2. The plots reveal two facts. Firstly, fuel savings have been 
achieved in all 15 situations that involves eco-driving. Secondly, when the eco-driver 
is in the front position of a platoon, the fuel saving is found to be relatively higher 
than when the eco-driver is at the end of the queue, implying that eco-driving would 
affect a certain range of vehicles in the platoon. This finding complies with the 
experiment results that are provided in section 3.3.  
 
Figure 6.2 Fuel consumption of entire traffic platoon 
In terms of absolute benefits for the entire traffic platoon, the simulation results 
comply with the findings in the Shirosato experiment that one eco-driver in a traffic 
platoon of 15 vehicles would have relatively minor impact on the total fuel 
consumption performance, within the range from 0.1% to 1.3%.   
6.3.2 Traffic flow performance 
The traffic mobility has no significant difference from having one eco-driver in 
the platoon. The maximum queue length before the stop-line has been kept at 15 
vehicles throughout the experiment, implying the queuing demand before stop-line 
during each signal cycle. The average number of stops is constant, kept at 1 per 
traffic signal cycle. So it could be concluded that the traffic flow performance has not 
been compromised by having one eco-driver in the platoon.  
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6.3.3 Summary and discussion 
The position scenario reveals the two findings outlined below. 
For individual vehicle 
The vehicles in the front positions of a queue have more possibility to save fuel 
consumption. Usually, the first several vehicles, particularly the first vehicle, are free 
to accelerate, as shown in figure 6.1. By adopting eco-driving, the front vehicles 
would reduce the fuel consumption when departing intersections. For the vehicles in 
the queue, as the acceleration operations are constrained by the proceeding vehicles, 
the chance of strong acceleration is relatively low. In other words, the acceleration 
operations of the queuing vehicles tend to follow the proceeding vehicle rather than 
use a free and strong acceleration. 
For entire traffic platoon 
When there is only one eco-driving in the platoon of 15 vehicles, the global 
impact of eco-driving on the fuel consumption is limited. However, according to 
figure 6.2, the position of eco-driving has an obvious impact on the total performance. 
As the front vehicles have more changes for excessive fuel consumption, having eco-
drivers in front of the platoon would potentially have more eco benefits. In addition, 
it is usually expected that the followers have to follow the leaders speed, thus 
providing more chance to contribute to the eco-driving benefits. 
6.4 PENETRATION RATES SCENARIO (PRS) 
This scenario group consists of 11 different situations in terms of the 
penetration rates of eco-driving. The platoon is composed of 15 vehicles. The base 
situation employs only normal drivers while the other 10 situations employ eco-
drivers with penetration rates which are proportionally increased from 0% to 100%. 
The positions of the eco-drivers are randomly selected by the simulation model. 
Similar to the PS test, each situation was tested for 300 random QD procedures, and 
each situation has 10 replications for simulation. 
6.4.1 Environment performance 
Figure 6.3 gives the fuel consumption performance of the entire platoon with 
respect to different eco-driving penetration rates with a platoon of 15 vehicles. As 
shown in the figure, the benefits of eco-driving become to be obvious after the 
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penetration rate reaches 30%. However, the total benefit keeps stable after more than 
40% of the drivers have adopted eco-driving, indicating that the effective eco-driving 
penetration rate is 30%. 
 
Figure 6.3 Fuel consumption of the entire platoon with respect to different penetration rates 
6.4.2 Traffic flow performance 
Similar to the traffic flow performance in the PS study, there is no significant 
impact on traffic flow performance. However, it is found that the total headway of 
the queue discharge procedure has slightly increased. Figure 6.4 describes the 
comparison of the normal cumulative headway with the eco-driving (with 100% eco-
drivers) cumulative headway. 
 
Figure 6.4 Comparison of the headway distribution for normal and 100% eco-driving 
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6.4.3 Summary and discussion 
The penetration investigation reveals that the close-to-optimal eco-driving 
benefits could be achieved by have only about 30% eco-driving. The results confirm 
the impacts of eco-driving to the corresponding following vehicles. In terms of eco-
driving application, it is surprising to found that all eco-driving traffic platoons could 
obtain evident fuel benefit with even less than 30% eco-driver penetrations rates. 
The traffic flow investigation reveals the potential of eco-drivers for delaying 
the queue discharge. The average headway has been compromised when the eco-
penetration rate is high. In this test-bed setting, congestion has not been activated 
because the traffic demand is within medium range. In order to understand the 
impacts under heavy traffic pressure, a variety of traffic demands will be considered 
in the next section 
6.5 TRAFFIC CONDITION SCENARIO (TCS) 
This test considers different traffic demands and different penetration rates at 
the intersection. The traffic demands are assigned according to the theoretical degree 
of saturation at the intersection, ranging from 0.7 to 1.1. The penetration rates covers 
from 0% to 100%.   
For each combination of the situation, 300 QD procedures were tested in the 
simulation test-bed. At the end of each run, sufficient time was left for the residual 
queue to leave the network. 
6.5.1 Fuel consumption performance 
Figure 6.5 shows the fuel consumption performance distribution with respect to 
traffic conditions and eco-driving penetration rates. First of all, the results 
demonstrate that the fuel consumption increases when traffic pressure gets heavier.  
However, the tendency of the fuel consumption is not proportional to the 
degree of saturation at the intersection. When the DS is less than 0.85, the increasing 
rate is relatively low. For DS in the range of 0.85-1, there is a sudden growth of fuel 
consumption. Afterwards, when the DS is around 1-1.1, the increasing rates tend to 
be stable. As shown in figure 6.5, there are lots of convex which indicates excessive 
fuel consumption. 
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Figure 6.5 Fuel consumption surface with respect to DS and Eco-penetration rates 
According to the fuel performance surface, four stages of fuel consumption 
performance are concluded as follows: 
Stage 1: platoon fuel consumption reduces with an increasing amount of eco-
driving. The traffic condition is under-saturated and all vehicles are allowed to pass 
through the intersection without excessive stops, as shown in figures from 6.6 to 6.8;  
Stage 2: Fuel consumption performance is unstable when the traffic condition 
is near saturation (i.e., 85%). As shown in figure 6.9, the fuel consumption appears to 
reduce when the eco-penetration rate is around 40%. However, the benefits are soon 
eliminated with the increase of the penetration rate after 70%; 
         Stage 3: This stage stands with DS in the range of 0.9-0.95. Figure 6.10 to 
figure 6.12 give the fuel consumption performance.  Eco-driving would always cause 
a negative impact on fuel economy. When the penetration is around 100%, the fuel 
consumption reaches the peak, indicating negative impacts by using eco-driving; and 
Stage 4: When the traffic condition is over-saturated (i.e., DS over 1), the 
general trends of fuel consumption proportionally increase with the increase of the 
penetration rate, as shown in figure 6.13 and 6.14. However, in many circumstances, 
positive fuel consumption benefits are found. 
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Figure 6.6 Stage 1: effective eco-driving under normal traffic condition (DS=0.7) 
 
Figure 6.7 Stage 1: effective eco-driving under normal traffic condition (DS=0.75) 
 
Figure 6.8 Stage 1: effective eco-driving under normal traffic condition (DS=0.8) 
 
Figure 6.9 Stage 2: unstable performance under near-saturated condition (DS=0.85) 
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Figure 6.10 Stage 2: unstable performance under near-saturated condition (DS=0.9) 
 
Figure 6.11 Stage 3: unstable performance under near-saturated condition (DS=0.95) 
 
Figure 6.12 Stage 3: unstable performance under near-saturated condition (DS=1.0) 
 
Figure 6.13 Stage 4: unstable performance under over-saturated condition (DS=1.05) 
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Figure 6.14 Stage 4: unstable performance under over-saturated condition (DS=1.1) 
6.5.2 Traffic flow performance 
Figure 6.15 illustrates the maximum queue lengths under different penetration 
rates according to the four stages outlined. The tendency of queue length changes in 
terms of eco-penetration rates complies with the four stages of the fuel consumption 
performance. 
 
Figure 6.15 Maximum queue lengths before stop-line with respect to DS (0.7-1.1) 
Figure 6.16 describes the average number of stops at the intersection. In all 
scenarios, the vehicles are forced to queue at the intersections. As a result, the 
minimum average number of stops is 1 for all vehicles. Similar to the queue length 
distribution, the number of stops increases with the growth of eco-penetration rates 
when the traffic condition is near saturation. After the traffic condition is saturated, 
the maximum number of stops has been reached, indicating that the entire section has 
filled with vehicles.  
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Figure 6.16 Average numbers of stops before stop-line per cycle with respect to DS (0.7-1.1) 
6.5.3 Investigation on rapid queue discharge during congestion 
An extra simulation study is conducted to explore different queue discharge 
behaviours during congested conditions. According to the driver aggression study 
carried out by Hennessy and Wiesenthal (1999), traffic congestion has an obvious 
impact on driving behaviours. They found that drivers tend to drive more 
aggressively when there is congestion than when in the normal traffic conditions.  
For this reason, the extra simulation study assumes that the eco-drivers are able 
to adapt to normal driving behaviours during congested period. In the simulation test-
bed, the following rule is applied to the simulated vehicle unit. 
“When the average number of stops of the entire traffic platoon is over 1.5 
times per traffic signal cycle, the eco-drivers before the stop-line will adapt to the 
normal driving behaviours with their normal acceleration rates.” 
The study considers the traffic conditions just before and after saturation, with 
degree of saturation from 0.85 to 1.05. The scenarios cover different penetration rates 
of eco-driving, from 0% to 100% of the traffic platoon. The fuel consumption 
performances of those with the flexible driving behaviours are compared to those of 
the eco-driving results. Figure 6.17 to figure 6.21 give the plots of the simulation 
results regarding fuel consumption of every queue discharge procedure.   
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Figure 6.17 Fuel consumption with flexible queue discharge behaviours when DS=0.85 
 
Figure 6.18 Fuel consumption with flexible queue discharge behaviours when DS=0.9 
 
Figure 6.19 Fuel consumption with flexible queue discharge behaviours when DS=0.95 
 
Figure 6.20 Fuel consumption with flexible queue discharge behaviours when DS=1.0 
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Figure 6.21 Fuel consumption with flexible queue discharge behaviours when DS=1.05 
As shown in figure 6.17, the fuel consumption performance is different after 
adopting flexible behaviour when the degree of saturation is 0.85. The flexible 
behaviours give relatively steady fuel consumption performance with the changes of 
eco-penetration rate. This is because the heterogeneity of driving behaviours in the 
platoon is reduced during the dilemma period when congestion is about to occur.  
In figure 6.18 (DS=0.9) and figure 6.19 (DS=0.95), it is found fuel 
consumptions have been significantly reduced by using flexible eco-driving 
behaviours, implying that congestion has been mitigated by having relatively rapid 
queue discharge behaviours.  
According to figure 6.20, although flexible eco-driving performs more efficient 
than eco-driving on average, the differences of the fuel consumption performances 
from the two driving behaviours are closer than those in figure 6.18 and figure 6.19. 
This result reveals that the traffic conditions are about to congest.  Under this 
circumstance, the excessive fuel consumption caused by an excessive number of 
stops before the stop-line is inevitable.  
In figure 6.21, the fuel consumption based on flexible eco-driving behaviours 
overweighs those with eco-driving. This indicates that the traffic condition is over 
saturated when the number of stops reaches the maximum in the road section. Under 
this circumstance, even though the throughput has been increased, the vehicles 
coming from upstream will still experience more than 1 time of stop before leaving 
the intersection due to the long queue in the section. As a result, strong 
acceleration/quick start contributes excessive fuel consumption in the queue, leading 
to the negative result shown in figure 6.21. 
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To explore the effectiveness of eco-driving behaviours at signalised 
intersections, the study proposes an advanced eco-driving behaviour. This driving 
style is assumed to comply with the following rule: when traffic condition is near-
saturation or over saturation (i.e., DS≥0.8) for vehicles that are about to clear in the 
immediate signal cycle after the current red signal, the drivers use normal 
acceleration rates saturation; for vehicles that requires another stop after the coming 
queue discharge procedure, the drivers uses gentle acceleration operations. Figure 
6.22 demonstrates the application of the new eco-driving behaviour. 
 
Figure 6.22 example of advanced eco-driving behaviour 
Figure 6.23 displays the fuel consumption performance with advanced eco-
driving behaviours. The advanced eco-driving behaviours constantly improve the 
fuel consumption performance. According to the design of the strategy, the fuel 
consumption during the near-saturation period has been significantly reduced, 
compared to the normal eco-driving circumstance, because the queue discharge 
performance has not deteriorated when the queuing vehicles have saved fuel by 
adopting gentle acceleration. When the traffic condition is over-saturated, the 
advanced eco-driving is also beneficial to fuel consumption.  
 
Figure 6.23 Fuel consumption surface of advanced eco-driving  
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Overall, this part of study reveals that the changes of driving behaviours (i.e., 
switching from eco-driving to normal driving at congestion) could also affect the 
eco-driving performance. In addition, it indicates that congestion is the major 
contributor to excessive fuel at intersections. 
6.5.4 Summary and discussion 
The study revealed four regimes for the eco platoon performance. Table 6.1 
shows the features of each regime with respect to the fuel consumption performance 
and traffic flow performance. 
Table 6.1 Eco-driving traffic performances in four stages 
     Performance 
   Stage 
Fuel 
consumption 
(FC) 
Maximum Queue 
length(MQL) 
Number of 
stops (NOS) 
Under 
saturated 
(DS<0.85) 
Eco benefits are 
proportional to eco 
penetration rate 
No impact No impact 
Near saturated 
(0.85<DS<0.95) 
Eco-driving has 
been found to 
increase FC in 
some situations 
Potentially increase 
MQL when penetration 
rate is high 
Minor impact  
Saturated 
(DS≈1) 
High penetration 
rates deteriorate 
FC 
Significantly increases 
MQL 
Increases NOS 
Over saturated 
(DS>1.05) 
if eco-driver is 
<50%, it helps 
reducing FC 
Reaches the maximum 
queue storage capacity 
of the section 
Significantly 
increases NOS  
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6.6 MULTIPLE INTERSECTION SCENARIO (MIS) 
This scenario group focuses on the performance of the eco platoon along the 
coordinated corridor. It utilises the same combinations of scenarios as the TCS study.  
For each situation, 300 coordinated traffic signal cycles are simulated. At the end of 
each replication, the residual queue are given sufficient time to leave the test-bed. 
6.6.1 Fuel consumption performance 
Figure 6.24 gives the total queue discharge fuel consumption at the three 
intersections. The fuel consumption performance is found to be related to traffic DS 
and eco-driving penetrations rates.  
 
Figure 6.24 Total fuel consumption distribution for queue discharge on the corridor 
In the simulation results, there is no excessive fuel consumption at intersection 
2, indicating a smooth progression at intersection 2. However, excessive fuel 
consumption has been found at intersection 3. The fuel consumption for queue 
discharge at intersection 3 is provided in figure 6.25.  
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Figure 6.25 Fuel consumption distributions at intersection 3 
It can be seen that the fuel consumption performance does not follow certain 
trends for the heavy traffic conditions, implying a different philosophy of fuel 
performance at intersection 3 and requiring further investigation on the flow 
characteristics at intersection 3.   
6.6.2 Traffic flow performance 
Table 6.2 gives the maximum queue length at intersection 3 with respect to the 
different degree of saturation at intersection 1 and the different eco-driving 
penetration rates. 
Table 6.2 Maximum queue length at intersection 3 for each cycle 
Max Q DS1=0.7 DS1=0.75 DS1=0.8 DS1=0.85 DS1=0.9 DS1=0.95 DS1=1.0 DS1=1.05 DS1=1.1 
0% 0 0 0 1 1 1 1 2 1 
10% 0 0 0 0 1 1 1 1 1 
20% 0 0 1 1 1 1 1 2 1 
30% 0 0 0 1 1 1 1 1 1 
40% 0 0 0 1 1 1 1 1 1 
50% 0 0 0 0 1 1 1 1 1 
60% 0 0 0 1 1 1 1 1 1 
70% 0 0 0 1 1 1 1 1 1 
80% 0 0 0 1 1 1 1 1 1 
90% 0 0 0 1 1 1 1 1 1 
100% 0 0 1 1 1 1 1 1 1 
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Table 6.3 shows the average number of stops at intersection 3 regarding eco-
penetration rates and traffic conditions.  
Table 6.3 Average number of stops at intersection 3 per signal cycle 
N.O. 
stops 
DS1=0.7 DS1=0.75 DS1=0.8 DS1=0.85 DS1=0.9 DS1=0.95 DS1=1.0 DS1=1.05 DS1=1.1 
0% 0.00 0.00 0.00 0.06 0.39 0.68 1.00 0.67 0.91 
10% 0.00 0.00 0.00 0.00 0.22 0.68 0.55 0.57 0.64 
20% 0.00 0.00 0.06 0.12 0.61 0.89 0.75 0.86 0.73 
30% 0.00 0.00 0.00 0.06 0.61 0.84 0.80 0.95 0.64 
40% 0.00 0.00 0.00 0.29 0.56 1.05 0.75 0.71 0.68 
50% 0.00 0.00 0.00 0.00 0.56 0.63 0.70 0.71 0.77 
60% 0.00 0.00 0.00 0.29 0.89 0.89 0.80 0.71 0.59 
70% 0.00 0.00 0.00 0.29 0.56 0.95 0.50 1.05 0.64 
80% 0.00 0.00 0.00 0.59 0.78 0.74 0.55 0.86 0.55 
90% 0.00 0.00 0.00 0.53 0.72 0.68 0.80 0.67 0.82 
100% 0.00 0.00 0.06 0.35 0.72 0.58 0.75 0.76 0.82 
As per the results in table 6.2 and table 6.3, there is no evident tendency 
regarding the penetration rates and degree of saturation to the flow characteristics. 
This result implies that the performance at intersection 3 is independent to the eco-
driving penetration rates of the traffic flow at intersection 1.     
6.6.3 Summary and discussion 
Other than a single bottleneck problem as the TCS study, the effectiveness of 
offset has also been affected by eco-driving behaviours. This part of the study found 
that the third intersection has been affected while the second intersection has not 
been compromised. In addition, the fuel consumption assessment at intersection 3 
found that neither the impacts of different penetration rates nor the impacts of 
different traffic condition have obvious trends. 
According to figure 6.4, which describes the impacts on traffic headways, it is 
reasoned that the changes of headway caused the excessive number of stops, thereby 
consuming more fuels.  Referring to figure 6.24, a potential solution to mitigate the 
potential impacts from eco-driving is to adjust the offset setting along the corridor.  
A further test regarding the impacts of traffic signal offset is carried out.  The 
test follows the DS with 0.95, when the eco-driving platoon produces excessive fuel 
consumption. The study adjusted the offset of the third intersection by 2 seconds, 
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which is the theoretical saturated headway time of a vehicle. Figure 6.26 and figure 
6.27 give the progression before and after the adjustment. 
Although this test does not provide an optimisation of the offset setting for all 
the scenarios, it gives the potential to mitigate the negative impacts caused by eco-
driving along a coordinated corridor. It can be concluded that progression 
optimisation would be an effective solution. 
 
Figure 6.26 Traffic progression for the original signal timing 
 
Figure 6.27 Traffic progression after the adjustment of signal timing  
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6.7 SUMMARY OF TEST RESULTS 
This chapter has studied the potential impacts of eco-driving at signalised 
intersection via microscopic traffic simulation. The findings include: 
 The performance of the eco-driving platoon is potentially affected by the 
positions of eco-driver, the penetration rates of eco-drivers, the traffic 
demand and the efficiency of the traffic signal coordination; 
 The interactions between drivers in a platoon have impacts on the eco-driving 
performance, indicating the effectiveness of eco-driving with a moderate 
penetration rate; 
 However, when the traffic condition is heavy, the effectiveness of eco-driving 
is unstable, depending on the trade-off between traffic mobility and 
environmental performance; 
 When the traffic is near-saturation, eco-driving has the highest possibility to 
compromise the traffic throughput and fuel economy simultaneously;  
 Traffic signal coordination is the potential approach for mitigating or 
eliminating the negative impacts caused by eco-driving in congested 
situations; and 
 Promoting and applying eco-driving is more than a simple task. It would 
require flexible implementation with respect to particular situations to avoid 
the potential negative impacts for the objective of a “real” ecological driving 
experience. 
The following suggestions are given for efficient implementation of eco-
driving during queue discharge: 
 Recommend the heading vehicle in the queue to adopt eco-driving; 
 Promote eco-driving towards at least 30% penetration rate among drivers; 
 Avoid driving too slowly when the traffic is congested at intersections; 
 When near-saturation or over-saturation, suggest vehicles which will leave 
the intersection right after the red light should follow normal acceleration for 
rapid queue discharge, and meanwhile suggest that queuing vehicles which 
need a further stop before the intersection adopt gentle acceleration; and 
 Suggest traffic engineer consider eco-driving impacts on traffic signal design. 
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Chapter 7: Conclusions and 
Recommendations 
This chapter provides discussions about and conclusions for this research. 
Section 7.1 lists the summaries for each chapter. Section 7.2 provides the 
recommendations for future study regarding eco-driving development and 
evaluation.  
7.1 MAIN CONCLUSIONS OF THIS STUDY 
Complying with the primary objectives of this study, this research investigated 
impacts of eco-driving on signalised intersections based on field experiments and 
traffic simulation. The summaries and finding in each chapter are outlined below. 
Chapter 2: Literature survey on eco-driving, queue discharge procedure and 
environment assessment for driving activities. 
Eco-driving is found to be effective in providing a safe, sustainable, smart and 
comfort driving experience. However, the dilemma of eco-driving is recognised in 
the literature, particularly during queue discharge at signalised intersections. A trade-
off between sustainability and mobility has been found in some studies. Prevailing 
eco-driving assessment studies overlook the impacts of the eco-driving on the other 
vehicles on the roads. Therefore, a comprehensive investigation from the traffic flow 
perspective is proposed. 
The review of queue discharge procedures compares the advantages and 
disadvantages with different approaches of modelling queue discharge behaviours at 
signalised intersection. Based on the comparison, it is concluded that a simulation 
approach with relatively high resolution is suitable for sophisticated queue discharge 
studies. In addition, the study of the environment estimation methods provides the 
understanding of fuel consumption/emission estimation approaches.  
Although some studies have explored the eco-driving impacts from the 
perspective of traffic flow, their findings have not explained the eco-driving impacts. 
Study of the shortcomings of these works found that the design of the evaluation 
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method is of crucial importance. The lessons learnt from these studies are 
summarised to improve the investigation of eco-driving in this study.  
Based on the survey of the literature, the study proposed conducting an 
integrated eco-driving evaluation study based on microscopic traffic simulation with 
real data obtained from a field experiment.  
This chapter answers the research question regarding an appropriate eco-
driving evaluation method. The proposed method is capable of providing two critical 
concerns for eco-driving evaluation: the long-term impacts of eco-driving and the 
impacts on traffic flow. 
Chapter 3: Shirosato Eco-driving experiment 
The Shirosato Eco-driving experiment was conducted under a real driving 
environment. The test environment represents a coordinated corridor with both 
normal drivers and eco-drivers. In total, 30 experimental runs were tested with a 
combination of different scenario settings. The study firstly confirmed the benefits of 
eco-driving at signalised intersection from an individual vehicle perspective. It is 
also found that a small amount of eco-driving would not necessarily impact the fuel 
performance of the entire traffic platoon. However, the driving behaviour 
investigation revealed that the changes in queue discharge behaviour might affect the 
eco performance. Unfortunately, the driving performance samples obtained from the 
field experiment were insufficient to conclude what the eco-driving impacts were on 
traffic flow, indicating that extra investigation is required. 
This chapter provides preliminary findings regarding the eco-driving impacts 
on traffic flow. It reveals that eco-driving will potentially affect fuel consumption 
and queue discharge characteristics from the traffic flow point of view.  
Chapter 4: Driving behaviour and fuel consumption performance investigation  
In fact, the Shirosato eco-driving experiment was a useful data source for 
driving behaviour and fuel consumption performance modelling. The study of the 
results indicates the relationship between driving statues and fuel consumption 
performance, and implies the relationship between acceleration operations and the 
traffic flow condition at the queue discharge procedure. The findings are then used to 
develop a new queue discharge model and to calibrate the fuel consumption patterns 
for queue discharge. 
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Chapter 5: Test-bed development  
The simulation study used a carefully calibrated simulation model to examine 
the eco-driving impacts with different scenarios and concerns. The credibility of the 
test-bed is constructed based on a new queue discharge model which considers the 
response behaviours at the beginning of the start-up and the acceleration operation on 
the traffic flow condition during the queue discharge procedures.  
This chapter provides a new behavioural queue discharge model for describing 
microscopic driving and traffic flow features during queue discharge procedures. By 
integrating the four-regime fuel consumption models, the simulation test-bed is ready 
for comprehensive eco-driving assessment during queue discharge. 
Chapter 6: Simulation investigation 
The simulation study provides comprehensive investigation and understanding 
of the effectiveness of eco-driving during queue discharge at urban signalised 
intersection.  The study uses a simulation test-bed to explore a range of eco-driving 
scenarios, including different positions of eco-drivers in the traffic platoon, different 
penetrations rates of eco-drivers, different traffic conditions (i.e., degree of 
saturations at intersections) and impacts on traffic signal coordination along a 
corridor.  
The analysis of the eco-driving position scenarios indicates that eco-drivers 
have evident impacts on their following drivers with respect to fuel consumption and 
queue discharge performance, implying the potential “delay” effect on traffic flow 
throughput. Additionally, the simulation results provide an answer to the research 
question, “would an eco-driving platoon perform levels of benefits similar to those 
from the individual eco-driver”. 
The study on the penetration rates scenarios reveals the long-term impact of 
eco-driving.  The efficient penetration rate, “30% of the traffic platoon”, has been 
found in the simulation study. It is found that traffic queue discharge is slightly 
delayed for environment friendliness while utilising eco-driving. However, as the 
degree of saturation of the analytical intersection is low, congestion did not occur, 
resulting in efficient implementation of eco-driving in all the runs.  
The investigation on traffic condition scenarios is then conducted to assess eco-
driving performances under a variety of traffic conditions, including under 
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saturation, near saturation and over saturation situations.  It reveals four stages of 
eco-driving performance with respect to the traffic conditions. The results indicate 
that when near saturation, eco-driving tends to provide negative impacts on the 
traffic flow. More importantly, the congestion which is cause by the slowness of eco-
driving would significantly compromise fuel economy and traffic throughput of the 
entire traffic flow.  
Simulation of multiple intersection scenarios indicates that eco-driving also 
affects progression of traffic along coordinated intersections. The “delay effects” on 
the movement of traffic flow make it necessary to reassess and reassign traffic signal 
coordination plans for smooth and ecological traffic performance.    
Overall, the simulation results answered most of the research questions which 
are raised at the beginning of the thesis. The simulation results and discussions are 
useful reference points for future implementation and development of eco-driving 
strategy. 
7.2 RECOMMENDATION FOR FUTURE ECO-DRIVING 
DEVELOPMENT 
This section suggests future opportunities in eco-driving strategy development 
as well as in eco-driving evaluation study.  
7.2.1 Short-term eco-driving strategy development  
From a short-term perspective, eco-driving strategy development should focus 
on its immediate effectiveness. For this purpose, not only individual benefits but also 
traffic flow performance should be considered to achieve system benefits. 
According to the findings in this study, implementation of eco-driving ought to 
place situations in context to optimise eco benefits. For example, when the traffic 
condition is congested or about to be congested, an eco-driving strategy that would 
slow mobility would not be recommended. Such information needs to be added to 
the current scheme of eco-driving promotion. Referring to the investigation in 
section 6.5.3, adaptive eco-driving behaviour which switches between a rapid queue 
discharge objective and an ecological objective provides an opportunity for optimal 
application of eco-driving from a traffic flow perspective. For coordinated 
intersections, the immediate impacts of eco-driving need to be considered for 
efficient traffic progression. 
 References 149 
Another potential approach for eco-acceleration at intersections is fast 
acceleration, which is also observed in figure 3.11, section 3.3.3. This approach 
reduces the total acceleration time for reduction of cumulative fuel consumption by 
very quick acceleration to desired speeds. Although outside the scope of this research, 
because rapid acceleration might compromise user safety and comfort, this approach 
is a potentially good alternative eco-driving strategy for congested situation. The 
development and study of this type of eco-driving behaviour is recommended, 
particularly for heavy traffic conditions.  
7.2.2 Long-term eco-driving strategy promotion 
The penetration rate of eco-driving is related to long-term impacts. From the 
traffic platoon point of view, it is found that an optimum system performance would 
be achieved using a medium range of penetration of eco users. 
It is interesting for future research to investigate the actual penetration rates of 
eco-driving. After a certain penetration rate has been achieved, it would significantly 
reduce the revenue (i.e., the eco-benefits) of the investment in promoting a particular 
eco-driving strategy.   
7.2.3 ITS integration  
ITS applications are also suggested for future eco-driving development. 
According to both the field experiment and the simulation study in this research, 
heterogeneity of queue discharge behaviours leads to the different performances of 
eco-driving. Consequently, there is potential to take advantage of ITS, such as a 
cooperative driving system, vehicle to vehicle (V2V) communication, or vehicle to 
infrastructure (V2I) communications, to mitigate the impacts from traffic flow 
heterogeneity for efficient queue discharge at intersections.  
7.2.4 About eco-driving Evaluation 
Because of the limitations on the time-frame of this study, only the acceleration 
behaviours have been assessed. With the various prevailing and emerging eco-
driving strategies, further evaluation would be of great assistance. However, it is 
important to bear in mind that the benefits for the eco-system are more important 
than those for the eco-individual while evaluating the effectiveness of eco-driving. 
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Appendices 
Appendix I: Settings of Shirosato Experiment Scenarios  
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Appendix II: Example of fuel consumption data 
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Appendix III: Scenario list for eco-driving position scenario 
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Appendix IV:  Fuel consumption performance of PS 
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Appendix V:  Time-distance trajectories of the fuzzy queue discharge model outputs 
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